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Abstract 
Metal Organic Frameworks as Dual Functional Adsorbent/Catalysts 
for Plasma Air Purification Systems 
Mitra Bahri, Ph.D. 
Concordia University, 2016 
Indoor air pollution is responsible for the annual premature death of millions of people 
worldwide. Volatile organic compounds (VOCs) are among these pollutants with proven 
detrimental effects on occupants’ health. Plasma-based methods’ capabilities for VOCs 
degradation have motivated designers to employ these methods for purifying indoor air 
environment. It has been demonstrated that utilizing a dual functional adsorbent/catalyst (DFA/C) 
in a plasma system can significantly enhance the VOCs removal and the system’s energy 
efficiency. However, selecting an appropriate DFA/C has remained a challenge. 
For the first time, this research attempted to utilize metal organic frameworks (MOFs) as 
DFA/Cs for a plasma-driven catalytic reactor. Accordingly, three different MOFs, MIL-101 (MIL: 
Material Institute Lavoisier), MIL-53, and CPM-5 (CPM: Crystalline Porous Material-5) were 
synthesized through microwave and solvothermal methods. Furthermore, for the first time, a 
mechanochemical method was developed to synthesize CPM-5. To test the performance of the 
developed MOFs, a non-thermal plasma dielectric barrier discharge (DBD) system was designed, 
set-up and calibrated. Several adsorption and oxidation experiments were performed to study the 
physical and chemical behaviors of these MOFs for the removal of toluene and isobutanol. Also, 
the effect of the presence of humidity on the adsorption/oxidation capacities of MOFs was 
investigated. 
Further analyses were carried out to study the surface characteristic of the developed MOFs 
using X-ray diffraction (XRD), scanning electron microscopy (SEM), BET surface area analysis, 
and thermogravimetric analysis (TGA). The results for microwave-synthesized MIL-53 and CPM-
5 and also solvothermal-synthesized MIL-101 showed a good crystallinity, very high specific 
surface area (SLangmuir: 1275-3747 m
2/g), and acceptable thermal stability. In the case of 
mechanochemical-synthesized CPM-5, the TGA analysis showed a similar thermal stability 
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compared to the microwave-synthesized CPM-5. However, the SEM micrographs showed a 
formation of different morphology of crystallites. Also, the surface area of the mechanochemical-
synthesized CPM-5 was lower than the one synthesized by the microwave method. 
The adsorption isotherms of toluene and isobutanol demonstrated the physisorption of these 
MOFs. This result was also confirmed by TGA characterization of samples before and after toluene 
adsorption. In addition, oxidation evaluation studies exhibited VOCs removal potential over these 
MOFs. MIL-101 and MIL-53 exhibited superior adsorption and oxidation ability than CPM-5 in 
most cases. Results also showed higher adsorption capacity of MIL-101 than MIL-53 in dry 
conditions but almost the same oxidation efficiency. Nevertheless, adsorption/oxidation capacities 
of MIL-53 surpassed MIL-101 in the presence of 30% relative humidity. Moreover, Fourier 
transform infrared spectroscopy (FTIR) showed the stable structure of the examined MOFs after 
plasma-catalytic reactions, which indicated they were easy to be regenerated. 
During the course of plasma-catalytic oxidation of toluene and isobutanol, different organic 
by-products and ozone were detected. Results showed utilization of a MOF as catalyst in the 
plasma system can reduce the downstream ozone concentration. Moreover, the presence of 
humidity suppressed the amount of ozone generation.  
In conclusion, results demonstrated the potential capacity of MIL-53 and MIL-101 as DFA/Cs 
in plasma-catalyst air purification system.  
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1.1 Problem Statement 
    According to the March 2014 report of the World Health Organization (WHO), outdoor and 
household air pollution caused the premature death of more than seven million people worldwide 
in 2012, of which 4.3 million were the result of household pollutions. [1]. In other words, air 
pollution contributes to one-eighth of deaths in the world annually [2]. The statistics presented in 
a joint study in 2016 between the World Bank and the Institute for Health Metrics and Evaluation 
(IHME) also showed that air pollution was the fourth greatest fatal risk worldwide in 2013 and led 
to around US$225 billion loss of labor income [3].  
Since more than 60% of mortality is recorded annually from indoor air pollutions, there is a 
necessity for the purification of indoor environments, including residential buildings. A modern 
building ventilation system design, therefore, must take into account the health and comfort of the 
occupants. To reduce exposure to internal contaminants, outdoor air is brought into the building 
to dilute the contaminants and exhaust a portion to outdoors. However, the quantity of the outdoor 
air can have a direct negative effect on the building energy cost. There is a cost to heat, cool, 
humidify or dehumidify the outdoor air depending on the location and season.  
A number of factors must be taken into consideration in selecting the most effective air 
cleaning system. They include long-term performance, minimum energy consumption, and 
minimum amount of unwanted by-products formation [4], [5]. Furthermore, the capability of the 
system to work in indoor conditions (ambient temperature, variable relative humidity and variety 
of pollutants) is an important parameter in selecting the system [6].  
The system needs to protect occupants against chemical contaminants from numerous internal 
sources, as well as bio-contaminants from the occupants themselves. Among different pollutants, 
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volatile organic compounds (VOCs) are a group of biogenic/anthropogenic pollutants that can be 
emitted  from several indoor sources [6]–[8]. The proven detrimental effects of these compounds 
to human health has been reported in several studies [9]–[11].  Table 1.1 shows the maximum 
expected concentration, indoor sources, and potential health effects of some VOCs. 
 
1.2 Techniques for VOC Abatement 
Although, the building mechanical ventilation and air conditioning system can provide a 
comfortable indoor environment, it is not capable of efficiently removing all chemical compounds 
present in indoor air when it is used alone. Therefore, other supportive techniques are needed to 
increase its performance. Thus far, several physical and chemical methods have been employed 
for the abatement of VOCs from indoor air. The application of the most common employed 
methods in indoor air is described as follows.  
1.2.1 Adsorption 
Adsorption is a physical technique in which the removal of VOCs is performed in the presence 
of an appropriate adsorbent [6], [12]. [13]. Activated carbon (AC) and zeolites are the most 
common adsorbents due to their high surface area and high storage capacity [14], [15]-[16]. 
Adsorption is a favorable method from the economical aspect of view; however, in this method 
VOCs removal is based on transferring the pollutants to solid phase rather than their destruction, 
which implies frequent replacement of the adsorbent medium [17]. 
1.2.2 Photocatalytic oxidation (PCO) 
Photocatalytic oxidation (PCO), is one of the common chemical techniques used for destruction 
of VOCs [18]–[21]. In this process UV irradiance is employed to enhance the performance of a 
semiconductor, generally TiO2, as the catalyst so that different types of VOCs can be degraded to 
H2O and CO2 [17]. Despite the known advantages of PCO, generation of hazardous by-products, 
which can be even more harmful than the target pollutant (i.e. O3, CO and organic by-products), 
can be significant in this process[22]. Moreover, low efficiency and slow reaction rate are other 
deficiencies, which highlight the necessity of more studies to enhance the capability of this method 
for indoor environment application [23], [24].  
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Indoor Source Potential Health Effect 
Formaldehyde HCHO 20  Pressed wood products (hardwood 
plywood wall paneling/article board, 
fiberboard), combustion sources and 
environmental tobacco smoke, other 
textiles, and glues, combustion gas 
Eye, nose, and throat irritation; 
asthma; lung damage, nausea, 
wheezing and coughing; fatigue; skin 
rash; reactions. May cause cancer 
1,2 
Dichloroethane 
CH2Cl=CH2Cl 1 Adhesives, cleaning products, 
paint/varnish/ finish removers, 
pesticides, wallpaper/ carpeting glue, 
paint/varnish/ finish removers  
Drowsiness; nausea; dizziness and 
loss of consciousness; cumulative 
liver and kidney damage; immune 
system and nervous system toxicity 
Trichloroethene CHCl=CCl2 1 Paint stripper, adhesive solvent, an 
ingredient in paints and varnishes 
Narcosis; cumulative systemic 
toxicity; mutagen/Suspect 
carcinogen; Suspect teratogen; CNS 
damages, risk of reproductive and 
developmental health effects 
Tetrachloroethene CCl2=CCl2 10 Dry-cleaning of fabrics, paint and 
spot removers, water repellents, 
brake and wood cleaners, glues, and 
suede protectors 
Cumulative liver and CNS damage; 
narcosis; reproductive effects 
including increased risks for 
spontaneous abortion, menstrual 
sperm disorders, and reduced fertility 
Vinyl chloride H2C=CHCl 1 Production of polyvinyl chloride 
(PVC), water pipes, wire and cable 
coatings, packaging materials, 
furniture automobile upholstery, 
housewares and toys 
Lung, liver and kidney cancer; 
Angiosarcoma; nervous system and 
immune system problems   
Benzene C6H6 5 Tobacco smoke, stored fuels and 
paint supplies, and automobile 
emissions in attached garages, certain 
plastics, glues, paints, furniture wax, 
resins, nylon and synthetic fibers, 
some types of rubbers, lubricants, 
dyes, detergents, drugs and pesticides 
Human Carcinogen; leukemia; 
cumulative bone marrow damage; 
CNS depression; respiratory arrest; 
cardiovascular collapse; aplastic 
anemia; irritation  
 
 






Indoor Source Potential Health Effect 
Acetone 
 
(CH3)2CO 60 Solvent in nail polish remover, 
particle board, paint removers, 
waxes, polishes, certain detergents 
and cleansers 
Irritation of the eyes and respiratory 
tract; nervous system effects 
including headaches, 
lightheadedness, dizziness, 
unsteadiness and confusion; nervous 
system toxicity. 
Toluene C6H5CH3 1 Paints, paint thinners, fingernail 
polish, lacquers, adhesives, rubber, 
some printing and leather tanning 
processes, tobacco smoke  
Irritation of the eyes, respiratory 
tract, and skin; narcosis  
Styrene C6H5CH=CH2 0.1– 
50 
Emissions from building materials, 
consumer products, and tobacco 
smoke 
Irritation of eyes, nose, throat, skin; 
CNS effects; narcosis; mutagen 
Dichloromethane CH2Cl2 5 Paint strippers, aerosol products, 
adhesives, spray paints, automotive 
cleaners, and varnish removers 
Dizziness, headache, confusion, 
incoordination, drowsiness, adverse 
effects on the nervous system, risk 
for liver and kidney toxicity 
Data are extracted from Department of Health (DOH), Environmental Protection Agency (EPA), Agency for Toxic Substances & 
Disease Registry (ETSDR), National Institute for Occupational Safety and Health (NIOSH) and Occupational Safety & Health 
Administration standards (OSHA) websites. 
 
1.2.3 Plasma-based methods 
In recent decades, the development of plasma-based methods, and their capabilities for VOCs 
destruction, has motivated their applications in indoor air purification. In a plasma process, a high 
electrical voltage is applied for the destruction of pollutants. However, incomplete oxidation and 
formation of harmful by-products (i.e. O3, CO, NOx and other VOCs), and high level of energy 
consumption are the main disadvantages of this method [25], [26]. To solve this issue, a plasma 
catalytic process that incorporates the use of a catalyst in the plasma process is suggested. A higher 
VOCs removal efficiency and lower levels of by-product formation are the advantages of this 
method [27], [28]. Also, catalyst implementation in plasma reactors lowers the level of electricity 
consumption. Nevertheless, minimizing the by-products formation should still be considered very 
carefully. Due to a very low concentration of VOCs in indoor environment (usually in the order of 
sub ppm), energy optimization is an important challenge, when this technique is considered for 
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indoor air treatment [29]. In such condition, utilizing reactive adsorption processes can be a new 
approach to improve the performance of plasma air purification systems [30]. In this method, a 
medium with the ability of simultaneous adsorption and oxidation of VOCs is utilized in the 
plasma reactor. Such adsorber-oxidizers are not only favorable from an economic point of view, 
but they can also increase VOCs removal efficiency of the system [29].  
 
1.3 Motivation and Objective 
Selecting an appropriate medium with a high adsorption capacity and oxidation capability is an 
important challenge to achieve the best performance of VOCs removal in a plasma catalyst system. 
Significantly, more amounts of pollutants can be adsorbed on the catalyst surface as its storage 
capacity grows higher. Furthermore, the oxidation ability of the catalyst plays an important role in 
the VOCs removal performance. This suggests that an appropriate dual functional 
adsorbent/catalyst (DFA/C) is a good candidate for a plasma catalyst process. 
As of now, different types of materials have been applied as DFA/Cs in plasma reactors [4], 
[28], [31]–[33], each of which has drawbacks including limited adsorption capacity, limitation in 
adsorbing different sizes and types of VOC molecules, inadequate catalytic properties, etc. These 
deficiencies have given rise to the use of new types of materials that can induce higher performance 
in plasma processes, especially at low concentration which exists in indoor environment.  
Among several considered materials, metal organic frameworks (MOFs) are a new class of 
porous materials with uniform structures, high surface area, and high porosity [34] [35]. The 
application of MOFs in the adsorption of a wide range of differently structured and sized molecules 
has been studied [36] [34]. MOFs are also proposed to have the potential to be used as a catalyst 
in different applications [37], [38]. Yet, despite their unique characteristics, MOFs have not been 
considered for the oxidation of VOCs in air purifiers. 
Based on the above-mentioned challenges, the main objective of this research is to develop 
MOFs as DFA/Cs with high adsorbent capacities and catalytic properties for a plasma-driven 
catalyst reactor. Accordingly, the following sub-objectives were specifically addressed in this 
research:   
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1) To design and implement a plasma-driven catalyst micro reactor set-up.  
2) To synthesize three different MOFs with different methods. 
3) To evaluate the adsorption capacity of VOCs on synthesized MOFs. 
4) To evaluate the catalytic ability of MOFs in a plasma-catalytic reactor.  
Toluene and isobutanol were selected as target VOCs in this study. Both of these compounds 
are commonly found in indoor environment and they may cause several health effects such as 
irritation of the eyes, nose skin, and respiratory system, narcosis, etc.  
 
1.4 Approach and Methodology 
To meet the aforementioned objectives of this research, the following approaches were applied 
in the course of the project: 
Design and implement a plasma-driven catalyst micro reactor set-up.  
 A high voltage plasma set-up with adjustable voltage and frequency was designed. 
Implementation, calibration and validation of the set-up were performed.  
 The impact of different parameters including residence time, type and configuration 
of the electrodes, and reactor size on the energy density and the rate of ozone 
generation were studied.  
Synthesize three different MOFs with different methods. 
 Amongst several considered MOFs, three different MOFs, MIL-101 (MIL: Metal 
institute Lavoisier), MIL-53, and CPM-5 (CPM: Crystalline Porous Material-5), 
were identified and synthesized. Preparation of these catalysts was performed using 
hydrothermal and microwave methods. Beside the conventional techniques, a 
mechanochemical method was successfully developed for the CPM-5 preparation. 
 To identify the type, specific surface area and thermal stability of the synthesized 
MOFs, characterization of synthesized samples was performed by means of 
different characterization methods, including X-ray Diffraction (XRD), Scanning 
Electron Microscopy (SEM), Thermogravimetric Analysis (TGA), and BET 
surface area and pore size analyzer. 
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Evaluate the adsorption capacity of VOCs on the synthesized MOFs. 
 Adsorption isotherms and breakthrough behaviors of the synthesized MOFs were 
studied for one (1) ppm of two different VOCs including an aromatic compound 
(toluene) and an alcohol (isobutanol). The performed characterization tests were 
TGA, BET, XRD and SEM.  
 The effect of the presence of humidity on the adsorption capacity of each MOF was 
investigated. Reversibility of the adsorption was also studied.  
Evaluate the catalytic capacity of MOFs in the plasma-catalytic reactor.  
 The removal efficiency of the prepared MOFs for the degradation of VOCs during 
plasma-catalytic reaction process was studied. The effect of humidity in the ability 
of MOFs for VOCs removal was investigated.  
 Formation of organic by-products and ozone and also the ability of regeneration of 
the catalyst after a plasma-oxidation reaction were investigated.  
 Different characterization and analytical instruments such as Fourier Transform 
Infrared Spectroscopy (FTIR), Gas Chromatograph/Mass Spectrometer (GC/MS), 
and VOCs Photoionization Detector (PID) were utilized during the experiments.  
 
1.5 Boundary of the Research 
- The objectives of this research were carried out in a small-scale (micro scale) reactor.  
- Indoor environment contains a mixture of VOCs. Nevertheless, in this research, the 
removal performance of the DFA/C was considered for single VOCs. 
- All experiments were performed under two conditions: at dry air and in the presence of 
30% relative humidity. 
- Energy optimization was not in the scope of this research. 
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1.6 Statement of Novelty 
 Although application of MOFs for VOCs adsorption and also in different catalytic reactions 
has been reported in previous studies, these materials have never been considered as DFA/Cs for 
removal of VOCs in air purifying systems. Here, developments viewed in isolation by earlier 
studies are considered together. Accordingly, for the first time three different MOFs were used as 
DFA/Cs and their adsorption and oxidation capacities were studied for removal of VOCs in a NTP-
reactor. 
Developing a new mechanochemical method for preparation of CPM-5 represents another 
main contribution of this study.  
 
1.7 Thesis Outline and Organization 
The present thesis is provided according to an article-integrated format, which is stipulated by 
the School of Graduate Studies at Concordia University. The structure consists of seven chapters 
based on one review paper and four research articles. The content of the literature review is used 
as a part of Chapters 1 and 2 and the four other research papers are presented as individual chapters.  
Part 1 of Chapter 2 presents a comprehensive literature review on plasma-based methods, from 
thermal plasma to plasma-catalyst and their applications for VOCs removal in indoor 
environments. Different aspects such as reaction mechanisms, effect of the presence of humidity, 
advantages and deficiencies of each method are studied. Several types of reactors and catalysts are 
classified. Finally, the critical role of the presence of the catalyst is reviewed. In Part 2 of Chapter 
2, pertinent literature on metal organic frameworks (MOFs) and general information about 
different structures of these materials, synthesis methods, characteristics and applications are 
presented.  
Chapter 3 describes the design and implementation of a dielectric barrier discharge (DBD) 
plasma set-up. The impact of various design parameters such as rector size, change in the residence 
time, configuration and type of electrodes on the energy performance of the system and ozone 
generation are investigated. 
  9  
 
Chapter 4 presents the process of mechanochemical synthesizing of CPM-5. In this novel 
method, preparation of the catalyst is performed in the absence of solvent. The effect of several 
parameters such as oscillation frequency and time, and the number of metal balls used for milling, 
the thermal treatment of the samples after grinding and washing treatment of samples are 
intensively studied. 
Chapter 5 reports synthesizing three target MOFs, MIL-101, MIL-53, and CPM-5 via 
conventional methods, hydrothermal and microwave methods. Characterization of these samples 
is performed and results are compared with previously reported studies.  A comparative study in 
adsorption of one (1) ppm toluene and isobutanol as selected VOCs on these MOFs is performed.  
Adsorption isotherms, breakthrough behaviors, and adsorption reversibility of these MOFs are 
studied and the effect of the presence of humidity on the adsorption capacity of these MOFs is 
investigated. 
Chapter 6 is dedicated to investigate the performance of MIL-101, MIL-53, and CPM-5 as 
DFA/Cs for gas-phase VOCs removal in a plasma-catalytic reactor. The adsorption and oxidation 
evaluations of these MOFs for the removal of one (1) ppm toluene and isobutanol are performed 
at both dry and humid conditions. Formation of ozone and different organic by-products are 
explored. And structural analysis of catalysts is performed before and after catalytic oxidation of 
VOCs to investigate the feasibility of the catalyst regeneration after the reaction.   
Chapter 7 presents the outcome of all preformed experiments, analyses and the obtained results 
from this study. A summary of major findings is reported and recommendations for future work 
are proposed.  
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Chapter 2 
2. Literature Review 
 
 
2.1 Part 1: Plasma-based Air Cleaners 
2.1.1 Introduction 
Plasma-based methods refer to a series of processes in which a high voltage (HV) discharge is 
used for the destruction of pollutants [30], [39]–[42]. Development of plasma-based methods in 
recent decades has improved the performance of this technology and made it more cost-effective 
and applicable for applying as an air treatment method in sustainable and energy efficient 
buildings. This section reports the outcomes of a comprehensive literature review on the plasma-
based air cleaner technologies, thermal to non-thermal plasma and plasma catalyst, and their 
application for VOCs removal in indoor environment. The reaction mechanism, effect of different 
parameters on the performance of the method, and abilities and limitations of these methods for 
indoor VOC removal are discussed. Different types of reactors and the most common used 
catalysts are classified. Finally, the role of the presence of the catalyst in VOCs decomposition and 
improving the non-thermal plasma efficiency is reviewed.  
2.1.2 Thermal Plasma 
In thermal plasma, a high electrical voltage and high current (P~1kW-50MW) is applied to 
generate a plasma flame at atmospheric pressure in an active zone [41]. This HV discharge causes 
an initial excitation in the working gas, followed by ionization and generating of large amounts of 
reactive species, including ionized and dissociated radicals (>99% ionization). In this state, the 
temperature of the reactive species in the background gas can reach as high as 1000 K while the 
peak  may reach up to 10,000 – 20,000 K (Tpeak ~ 1-2 eV) depending on the voltage, gas flow rate, 
and the source of plasma [43]–[45].  
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Thermal plasma is one of the processes for the removal of noxious compounds, especially 
VOCs, from industrial applications [44]. Using high electrical voltage and increasing the 
temperature results in generation of high fluxes of reactive species and consequently swift reaction 
rate and shorter response time for the reactor to start up. As a result, a smaller reactor could be 
used in thermal plasma technology [44]. Obtaining the full fragmentation of molecules and high 
specific activation are other advantages of thermal plasma [46]. However, consuming high 
amounts of electricity, which is an expensive source of energy, is a consideration against applying 
this method [44], [47]. On the other hand, in thermal plasma all particles including electrons, ions, 
atoms, and molecules in the background gas are at thermal equilibrium (Te ≈ Tion ≈ Tgas). 
Therefore, overheating the reaction media is inevitable [41]. Thermal plasma is applicable for 
wastes containing high concentration of organic components [44]. At low concentration levels 
however, this technology is not economical. As a result, the application of thermal plasma for 
indoor air treatment and its integration in the buildings mechanical ventilation system is practically 
impossible. 
2.1.3 Non-thermal Plasma (NTP) 
NTP technique, acts based on creating a quasi-neutral environment including, ions, radicals, 
electrons, neutrals and UV photons [48]. Because of the lower mass, electrons are accelerated 
selectively in the background. The temperature of these accelerated electrons can reach to about 
10,000–250,000 K (1–25 eV) while the background gas is still at ambient temperature [49] 
(Te >>> Tion ~ Tgas). Therefore, the ionization of the molecules is significantly lower than thermal 
plasma (~1% ionization). The collision of  electrons with molecules in the background gas, 
including oxygen, nitrogen and water vapor, results in producing excited bulk gas molecules (N2*, 
O2
*, etc.). These exited molecules emit photon or heat to lose their energy. This energy forms 
reactive ions and radicals (i.e, OH• and O•) which are unstable and contribute to the oxidation 
reactions [50]. 
 Working in atmospheric pressure causes instability in NTP systems due to increase in the 
number of collisions and heat generation, which consequently leads the system to sparking and 
arcing. To prevent this problem, these systems commonly work in low pressure. Nevertheless, 
preventing the reaction media temperature from increasing, as a significant advantage of this 
method, has motivated scientists to develop NTPs for work in atmospheric pressure. 
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2.1.3.1 Non- thermal Plasma Reactors 
Generally, classification of NTP reactors is based on the type of the employed discharge mode, 
such as dielectric barrier discharge (DBD), surface discharge (SD), direct current (DC) positive or 
negative corona discharge, pulsed corona discharge, ferroelectric pellet packed-bed reactor, 




Figure 2.1 Configuration of the most common NTP reactors 
 
Dielectric barrier discharge (DBD): DBD or silent discharge is one of the most common 
types of NTP reactors [51]–[54], (Figure 2.1.(a)). This reactor consists of at least one dielectric, 
such as glass, quartz, ceramic, alumina, teflon or mica between electrodes which plays a key role 
in the stabilizing NTP [52], [54]–[56]. Facile implementation, non-complicated reactor scale up, 
lower power consumption and higher energy efficiency are the most important advantages of this 
discharge mode compared to the other modes [52]. 
(c) Pulsed corona discharge reactor 
SD reactor  
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Surface discharge (SD): SD has a similar configuration to the DBD (Figure 2.1. (b)). Usually, 
in this type of reactor a dielectric barrier is attached to an electrode on one side and covered by a 
metallic cover on the other side [33]. Ceramic-based alumina can be used in this reactor. This 
reactor can be used for decomposition of VOCs; though, ozone accumulation without the 
possibility of its destruction restricts its application for the indoor environment [49]. 
Pulsed corona discharge: In this type of reactor voltage pulses applies in a fraction of a second 
between electrodes produces plasma [57], (Figure 2.1.(c)). The spark formation in this way can be 
prevented, which means a higher efficiency and longer lifetime of the reactor can be expected [50]. 
Pulse corona discharge can be applied for the indoor environment applications due to reduction of 
ozone formation [58]. 
Ferroelectric (dielectric) pellet packed-bed reactor: In this type of reactor, ferroelectric 
pellets (BaTiO3, NaNO2, MgTiO4, CaTiO3, SrTiO3, PbTiO3 and PbZrO3–PbTiO3) are used as 
packed-bed [59]–[61], (Figure 2.1.(d)). The efficiency of a dielectric to store more charge depends 
on the dielectric of used material. The ratio of the field permittivity without the dielectric (Eo) to 
the net field permittivity (E) with the dielectric is defined as dielectric constant (ε = Eo/E). The 
larger the dielectric constant, the more charge can be stored. BaTiO3 is the most commonly used 
metal oxide in this type of reactor due to its high dielectric constant (2000 < ε < 10,000). The 
presence of packed bed makes a uniform distribution of gas and electrical discharge. However, 
pressure drop increase is a negative aspect that should be considered [50]. 
2.1.3.2 VOC Abatement in NTPs and Reaction Mechanism 
In a NTP process, in addition to the physical parameters (i.e. temperature, pressure, electron 
acceleration and mobility of ions), chemical reactions have a key role in the destruction of 
pollutants. As mentioned earlier, collision of accelerated electrons with background gaseous 
molecules generates reactive species as follows: 
e- +X →X* + e-     (2.1) 
where X* represents different types of reactive species including N*, N2
*, O*, O3
*, OH*, etc. 
either in the form of radicals or ions. Eliasson and Kogelschatz (1991)[62] classified the main 
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plasma reactions between target pollutants (A, A2, B) with the formed electrons and reactive 
species, as bellow: 
Electron/ Molecular reactions:  
e- + A2 →    A2*+ e-   (2.2) 
e- + A2 →    2A + e-   (2.3) 
e- + A2 →    A2-   (2.4) 
e- + A2 →    A- + A   (2.5) 
e- + A2 →    A2+ + 2e-   (2.6) 
e- + A2 →    A+ + A+ e-  (2.7) 
e- + A2
+ →    A2   (2.8) 
e- + A2
- →    A2 + 2e-   (2.9) 
Atomic/Molecular reactions: 
X*+ A2 →    2A+ X   (2.10) 
X*+ A2 →    A2++ X+ e-  (2.11) 
A± + B →    B± + A   (2.12) 
A- + B+ →    AB   (2.13) 
A + B + M → AB+ M   (2.14) 
Decomposition reactions: 
e- + AB →    A+ B+ e-   (2.15) 
A*+ B2 →    AB + B*   (2.16) 
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Synthesis reactions: 
e- + A →    A*+ e-   (2.17) 
A* +B* →    AB   (2.18) 
A+ B →    AB   (2.19) 
Chang and Chang [63] described the main destruction reactions of toluene in a NTP reactor 
with silent discharge mode in regards to reactions between toluene and reactive species in the 
following way: 
C6H5CH3+O → C6H5CH2O + H  k ~ 8.4* 10 -14 cm3/(mol.s) (2.20) 
C6H5CH3+O3 → C6H5CHO2 + H2O  k ~ 1.5*10 -22 cm3/(mol.s)  (2.21) 
C6H5CH3+OH → C6H5CH2 + H2O  k ~ 2.7*10 -13  cm3/(mol.s) (2.22) 
C6H5CH3+O2 → C6H5CHO + H2O  k ~ 6.9* 10 -15 cm3/(mol.s) (2.23) 
Based on the reaction constant (k), the dominant pathway involved in toluene destruction, 
which leads to CO2 and H2O formation could be thought to be the reaction between toluene and 
OH radicals (eq. (2.22)) [41]. However, the concentration of the formed species also determine the 
kinetics of chemical reactions and thus the rate of toluene destruction. For instance, as the 
concentration of O2 is expected to be several orders of magnitude higher than that of OH, the 
reaction between toluene and O2 also plays an important role in toluene decomposition (eq. (2.23)). 
On the other hand, one can describe the reaction between toluene and the formed ions or electrons  
in the following way [42].  
C6H5CH3+ X
+ →    C6H5CH3+ + X   k ~ 10 -10cm3/s   (2.24) 
C6H5CH3
+ + e- →    C6H5 + CH3 k ~ 10 -7cm3/s   (2.25) 
where X+ represents O+, O2
+, N+ or N2
+ ions. The density of these ions is much lower than 
radicals; nevertheless, because of their faster rates, ionic reactions have an important role in the 
VOCs degradation [42]. Furthermore, owing to high density of electrons, different types of radicals 
may be formed in the discharge zone [42]: 
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C6H5CH3
++ e-  →  C6H5 , CH3 , C6H4 , H, C3H4 , C2H2 ….  (2.26) 
 2.1.3.3 Impact of Humidity on the NTP Performance 
Wan et al. [64], investigated the effects of the presence of relative humidity (0 to 70%) on the 
removal of 2.2 ppm formaldehyde (HCHO) in a DC corona discharge reactor. Results showed that 
despite the decrease in the formation of O3, HCHO conversion increases as humidity increases. 
Accordingly, the most probable decomposition reactions of HCHO in the presence of oxidative 
plasma species (O3, O
•, OH•) are: 
HCHO + O3 → Products   k=2.1×10−24 cm3/ (mol. s)  (2.27) 
HCHO + O•→ CHO + OH• k=1.7×10−13 cm3/ (mol. s)  (2.28) 
HCHO + OH•→ CHO + H2O  k=1.0×10−11 cm3/ (mol. s)  (2.29) 
According to the reaction constanants, OH radicals play an important role in destruction of 
HCHO as compared to ozone. The same study for removal of 50 ppm toluene in a DBD Reactor 
showed that despite the positive role of the presence of water molecules in formation of OH 
radicals, increasing the relative humidity level (up to 80%) has a negative effect on the removal 
efficiency due to decreasing electron density and quenching of the reactive species in the reactor 
[56]. Therefore, humidity level plays a crucial role on the removal performance of NTP reactors. 
2.1.3.4 Limitations of NTP Technology 
The capability of NTP has been reported for abatement of a wide range of VOCs concentrations 
(1-10,000 ppm), acid gases (i.e NOx , SOx), particulate matters[65], and bacteria [66], [67] at 
ambient temperature. The main advantage of NTP are a lower energy requirement as compared to 
thermal plasma and high efficiency in removing particulate matters [32], [68], [69]. Table 2.1 
summaries the VOCs removal and CO2 selectivity in NTP reactors, the energy efficiency as well 
as by-product formation. The specific input energy (SIE, J L-1) and energy efficiency (EEi, g kWh
-








    (2.31) 
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where, U is the applied voltage (kV); I is the discharge current (mA); Q is the gas flow rate (L 
min-1); Cin and η are the inlet concentration (ppm) and the conversion of the compound, 
respectively; M indicates the compound molar mass (g mol-1); 24.4 is the gas molar volume (L 
mol-1) under the defined condition and finally 60 and 3.6 are the conversion coefficients.  
As it can be seen from Table 2.1, despite the advantages of NTP, this method has poor energy 
efficiency especially for low VOCs concentrations. Relative humidity has a strong impact on the 
system performance. In addition, incomplete oxidation of target pollutants could result in 
formation of CO and some other organic by-products (i.e. formaldehyde)  that are more hazardous 
to building’s occupants than the target pollutant[25], [26].  Furthermore, the formation of NOx and 
O3 as a consequence of plasma inducing in NTP reactors is inevitable. These disadvantages have 
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Table 2.1 Results of VOC removal, CO2 selectivity, energy efficiency and by-product formation in NTP reactors 












 (J L-1) 
EEi 
 (g kWh-1) 
Reported formed by-product Concentration 
[70] Corona 
Toluene 
Air 2000 1 
90 
N/A N/A 
26 Aerosol particles 
N/A 
Trichloroethylene 40 13 Aerosol particles, Cl2 












Butyl acetate 120 20 
Up to 
75 


























a ~40a ~2.6c 






N/A ~60a --- 




[73] DBD Toluene N2+ O2 800 0.07 60 N/A N/A N/A 
O3, CO, CO2, NOx (NO, NO2), 
Formic acid, Acetic acid, Benzene 
N/A 








Air+ 30%RH 54 0.06 162 ppm 
Air+ 70%RH 57 0.07 157 ppm 
[74] DBD Toluene 
20% O2 
+ 80%N2 
240 0.315 36 6 172 6.8 c 
CO 8% 
O3 8 ppm 
[75] DBD Toluene 
N2, 5%O2 
50 100 
~ 52a 61 
600 
0.6c 
CO N/A N2, 5%O2, 
0.2%H2O 
73.1 72 0.8c 
[76] DBD 
Acetone 





Benzene 56 5.8 
Tetrachloroethylene 74 16.3 
m-Xylene 98 13.9 
Mix N/A 29.3 
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 (J L-1) 
EEi 
 (g kWh-1) 











~ 60 a 
~ 45 a 300 N/A 
CO 
O3 
NOx (NO, NO2, N2O, N2O5) 




 (0, 1380 ppb, 0,0) 
N/A 
N/A 
1.4 ~ 93 a 
1.2 ~ 100 a 
[69] DC-Corona Toluene 
Dry air 
0.5 




















































Benzoic acid,  
Benzyl alcohol 



















Air+ 26%RH 57 0.15c 
Air+ 50%RH 26 0.07c 
a Approximate amounts extracted from graphs 
b Calculated by equation (28) data extracted from reference.  
c Calculated by equation (29) data extracted from reference. 
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2.1.4. Plasma Catalyst  
To overcome the deficiencies of NTP, a combination of this method and catalyst, called plasma 
catalyst is proposed. In the plasma catalyst approach, the presence of catalyst and the synergic 
effect of plasma and catalyst enhances the removal efficiency and total oxidation of the 
components [27], [28]. This synergic effect results in higher removal efficiency compared to the 
sum of plasma and catalyst processes, when they are used separately [48], [71], [78], [79]. 





Figure 2.2 Schematic diagram of plasma reactors: (a) in plasma catalyst (IPC) reactor, and (b) post plasma 
catalyst 
 
- In plasma catalyst (IPC): In this single-stage method, a catalyst is introduced to the 
discharge zone of the reactor (Figure 2.2.(a)). The catalyst can be used either as a packed bed or 
honey comb monolith, or it can be coated on the surface of electrode or the reactor walls [69], [80]. 
High levels of pollutants concentration demand higher level of energy for destruction of these 
compounds [81]: As the SIE increases it causes the rate of NOx and ozone concentration increase 
[82]. The ozone coverage of the catalyst surface diminishes the catalyst activation and leads to the 
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formation of CO due to non-complete oxidation of pollutants [31]. In these conditions, IPC 
reactors, are more efficient, due to the lower demand of SIE and higher energy performance [83]. 
Though, in indoor environment applications, because of the low concentration of the VOCs, there 
is less demand for SIE. Therefore, the application of the second type of plasma reactor is discussed. 
- Post plasma catalyst (PPC): In a two-stage plasma catalyst method, the catalyst can be 
placed either upstream or downstream of the discharge zone. However, the installation of the 
catalyst downstream of the plasma (PPC) is more efficient, since the generated reactive species in 
the plasma zone participate in oxidation reactions in the catalyst zone and complete the 
mineralization reactions (Figure 2.2.(b)). The result is an increase in CO2 selectivity rather than 
CO formation, as well as abatement of ozone concentration in the effluent gas [84].  Due to the 
higher capability of PPC reactors in elimination of CO and ozone compared to IPC, these systems 
are more appropriate for indoor environment application [81]. 
2.1.4.1 Catalyst 
Selecting an appropriate catalyst is an important challenge for enhancing the VOCs removal 
efficiency in a plasma catalyst process. The presence of the catalyst increases the probability of 
surface reactions between the reactants and reactive species, which leads to more selective 
reactions and higher removal efficiency of the system. Therefore, the catalyst surface textural 
properties including specific surface area, pore volume, pore size and size distribution, as well as 
particle size and shape have an important role on the plasma catalyst performance [85], [86] . The 
effect of the catalyst in altering the reaction mechanism is described in section 2.1.4.4. 
The performance of a catalytic plasma process is also related to the catalyst storage capacity. 
To have a high VOC removal efficiency, VOCs should form strong bonds with the catalyst surface. 
Formation of these bonds becomes more important in low concentration levels [87]. A catalyst 
with a great ability of adsorbing VOCs as well as formed reactive species in the presence of plasma 
increases the removal efficiency of these compounds. Dual functional adsorbent/catalysts are 
favorable catalysts when generated reactive species under plasma catalyst conditions are not 
enough for decomposition of the pollutants. In fact, the storage materials capacity increases the 
reaction time as well as the probability of collision between the VOCs compounds and reactive 
species on the surface of the catalyst [81]. Earlier studies have reported the positive effect of 
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employing a dual functional adsorbent/catalyst on energy efficiency and eliminating the formation 
of harmful by-products [71], [88].  
Porous adsorbents, including Al2O3 [28], [89], zeolites, and other molecular sieves [28], [31] 
were the first materials considered for such application [89]. Zeolites feature more permanently in 
the literature because of their greater storage capacity of VOCs.[30],[90]. The catalyst properties 
and plasma activity can be enhanced by coating the porous materials with metals (i.e. Ag, Pt, Pd, 
Rh, Ni, Cu, Co, Mg, Ti) or metal oxides (TiO2, V2O5, WO3, etc.) as support [4], [31]–[33]. 
However, in some studies decreasing the removal efficiency was reported as a consequence of 
adding a support  and decreasing the specific surface area of the catalyst[82], [83].  
Titanium dioxide (TiO2) has been used as the catalyst in plasma processes. Coating TiO2 with 
other metals and metal oxides (i.e. Ag/TiO2, WO3/TiO2, V2O5/TiO2) [82], [83], [91] or using TiO2 
as a coat on AC filter [92] are different techniques of using this material as catalyst. The role of 
TiO2 as a photocatalyst in plasma process is explained in section 4.6. 
2.1.4.2 Catalyst Deactivation in Ambient Temperature 
Earlier studies conducted at ambient temperature reported that gradual deactivation of the 
catalyst occurred due to covering the active sites by carbon containing materials [93], [94]. 
Hammer et al. [95] reported that applying plasma in IPC reactors increases the temperature of the 
catalyst about 10-15oC for applying 10 J L-1 input energy density. Accordingly, the catalyst surface 
temperature is less than 100oC [27], [82], [89], [90], [96]. This temperature is not sufficient to 
thermally activate the catalyst [27], [81]; however, it could still prevent the catalyst deactivation 
[97]. For PPC reactors, catalyst deactivation is more considerable [98]. A mild heating (about 
70oC) may be required to prevent this problem  [81], [98]. 
2.1.4.3 Plasma Catalyst Process Specifications 
In a plasma catalyst process the interaction between the catalyst and plasma can be different 
based on the type of the employed reactor (IPC or PPC). The following sections describe the 
influences of plasma and catalyst and the effect of the reactor type on these interactions.  
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2.1.4.3.1 Catalyst and Plasma Interactions in IPC 
2.1.4.3.1.1 Catalyst Effects 
Introducing a catalyst into the discharge zone of an IPC reactor causes an increase in the energy 
level of the electric field, due to shortening the discharge gap [80]. This increase in the energy 
level results in more accelerated electrons and consequently, improvement of catalyst activity and 
energy efficiency [99]. Moreover, the physical properties of the discharge mode in the presence of 
the catalyst is changed, which results in generation of more reactive species in the pore volume of 
the catalyst [97]. Some studies reported this phenomenon for the oxidation of VOCs in the presence 
of silica gel, porous alumina, and metal oxides as catalysts [32], [69].  
2.1.4.3.1.2 Plasma Effects 
Guo et al. [100] employed MnO2/γ-Al2O3/Ni foam as a catalyst in a DBD system for 
decomposition of toluene and found a higher catalyst stability and oxidation capability. This result 
was due to increasing the catalyst specific surface area in the presence of the plasma. In contrast, 
a decrease in the specific surface area of γ-alumina, TiO2 and HZSM-5 was observed when these 
catalysts were exposed to plasma zones [80]. Plasma exposure also causes a decrease in the particle 
size of the support metal or metal oxides on the surface of the catalyst, and enhances the 
impregnation of these supports on the catalyst [101], [102]. This results in an improved dispersion 
of catalyst active sites [100], as well as an enhanced activity and stability of their supported 
materials [103].  
Changing the oxidation state of the catalyst surface is another observed effect of plasma on the 
catalyst [27]. Guo et al. [100] reported detection of Mn3O4 beside Mn2O3 catalyst in the presence 
of  NTP. 
2.1.4.3.2 Catalyst and Plasma Interactions in PPC 
Separating plasma and catalyst zones in a PPC reactor results in relatively simpler function 
compared to IPC reactor. In a PPC reactor, short-living oxidizing species generated in plasma zone 
are not effective and disappear before reaching the catalyst zone [104]. According to the study of 
Wallis et al. [105], the dominant reactions in plasma zone are: 
- Formation of reactive species with a longer life time from background gas  
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- Conversion of target VOCs to other compounds which are more easily treated by the 
catalyst. 
Formation of ozone is one of the important concerns for indoor environment applications. By 
placing the catalyst downstream of the plasma, the generated plasma can participate in oxidation 
reactions of VOC molecules on the catalyst surface. Therefore, ozone concentration in the effluent 
gas in a PPC reactor is lower than IPC reactors. As oxygen atoms are more reactive than ozone 
[106], finding a method to convert ozone to oxygen atom before it reacts with VOCs on the surface 
of the catalyst is an effective way of improving the system performance [81]. Different catalysts 
(TiO2, γ-Al2O3, zeolites, and MnO2) have been used in the presence of DBD as plasma discharge 
mode to successfully achieve ozone conversion and greater system performance [27], [107]. 
2.1.4.4 VOCs Abatement and Reaction Mechanism in Plasma Catalytic Reactors 
Plasma reactions are very complicated processes both in the presence and in the absence of a 
catalyst. Several mechanisms may explain the formation of reactive species when accelerated 
electrons collide with background gaseous molecules [108], [109]. The nature of the catalyst plays 
an important role on the type of formed reactive species and reaction mechanisms, as well as the 
product selectivity [80], [105]. The formed reactive species either directly react with VOC 
molecules or are adsorbed on the catalyst surface and form superficial active structures (indicated 
by *(s) in the following reactions). The simultaneous presence of these reactive species and the 
target components (R) on the catalyst surface provides a bed for initiating chemical interactions 
between these components (R⋯ O3
∗ (s), R⋯ O∗(s), 𝑒𝑡𝑐. ), followed by a series of complex chain 
reactions. The result is oxidation of components into products (P) in the form of mineralized 
molecules (CO2 and H2O) or new formed organic compounds, which eventually are desorbed from 
the catalyst surface. 
𝑂3    
𝑐𝑎𝑡
→  𝑂3
∗ (𝑠)        (2.32) 
𝑂3    
𝑐𝑎𝑡
→  𝑂∗ (𝑠) + 𝑂2       (2.33) 
R 
cat
→ R∗ (s)        (2.34) 
R + O3
∗ (s) → R⋯ O3
∗ (s) → P∗(s)  →  P     (2.35) 
R + O∗ (s) → R⋯ O∗(s) → P∗(s)  →  P      (2.36) 
R∗ (s) + O∗ (s) → R∗⋯ O∗(s)  → P∗(s)  →  P    (2.37) 
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Decomposition of formaldehyde (HCHO) in a PPC reactor in the presence of MnOx/Al2O3 
catalyst showed that destruction of this compound can occur not only by short-living reactive 
species in the discharge zone, but also by long-living species in the catalyst zone[84]. Ozone as a 
long-living species does not react directly with HCHO; however, after chemisorption of both 
ozone and target components, destructive reactions take place on the catalyst surface. It is 
postulated that the highly reactive oxygen species, which are mostly formed on the catalyst surface, 
are responsible for decomposition of HCHO in the catalyst presence. 
Magureanu et al. [108] studied the decomposition of toluene in the presence of Ag/Al2O3 
catalyst in a post plasma reactor. They found that, during the decomposition of toluene, ozone is 
chemisorbed on the catalyst surface without any change in the size and oxidation state of the 
catalysts. These interactions result in formation of activated ozone, which in the next step 
participates in toluene mineralization [108]: 
O3    
cat
→  O3
∗ (s)         (2.38) 
C6H5CH3 + O3
∗ (s) → C6H5CH3 O3
∗ (s)→CO2 + CO + H2O    (2.39) 
Futamura et al. [106] reported a significant increase in benzene and CO decomposition and 
decrease in ozone concentration in a DBD reactor as the result of ozone decomposition in the 
presence of Manganese dioxide (MnO2). On the other hand, the molar equivalent of ozone, which 
takes part in benzene decomposition, was smaller compared to that of stoichiometric required for 
a complete oxidation. They explained that a part of VOCs participate in an incomplete oxidation, 
resulting in CO formation and possibly other intermediates. The formed CO in the next step reacts 
with O2 leading to a complete oxidation.  
Figure 2.3 shows a schematic of the possible reactions in a PPC reactor. In a plasma zone, the 
dominant reactions for VOC removal include formation of reactive species (see also section 
2.1.3.2). The presence of a catalyst suppresses these types of reactions and enhances the 
heterogeneous oxidation reactions, resulting in higher CO2 selectivity. The same mechanism can 
be observed in IPC reactors. 
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Figure 2.3 Scheme of the possible reactions in (a) plasma zone and (b) catalyst zone on the surface of the 
catalyst 
2.1.4.5 Effect of Humidity in plasma catalyst  
Relative humidity has an important role in plasma catalyst performance [32], [64], [81]. Yu-
fang et al. [75] studied the effect of humidity on toluene decomposition efficiency in a PPC reactor 
at ambient temperature. The result of carrying out their experiments in the presence of 
Co3O4/Al2O3/nickel foam as catalyst showed the importance role of water molecules in completing 
the oxidation reactions. The proposed reactions are shown as follows: 
H2O   → H, e-aq, OH, H2, H2O2, H3O+, OH-    (2.40) 
H + O2→ HO2    K=1.2×1010 dm3/ (mol. s)  (2.41) 




→  H2O2+ O2   K=9.7×107 dm3/ (mol. s)  (2.43) 
These formed species facilitate complete VOCs oxidation reactions. A decrease in CO 
concentration along with an increase in CO2 selectivity is the consequence of the following 
reaction: 
CO + OH →CO2 +H       (2.44) 
However, the negative effect of high humidity level is that the catalyst surface is covered with 
water molecules, which leads to decrease in removal efficiency [75], [106]. This negative impact 
should be taken into account more seriously in case of an indoor environment application in which 
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the concentration of pollutants are in the order of ppb. Therefore the decrease in the system 
performance due to coverage of the catalyst surface by water molecules can be more significant. 
Table 2.2 summaries the residence time, VOCs removal, CO2 selectivity, energy efficiency 
and by-product formation for different types of plasma catalyst reactors. Results show an increase 
in VOCs’ removal efficiency, and CO2 selectivity and an increase in the energy efficiency in 
plasma catalyst reactors compared to NTP (see Table 2.1).  
2.1.4.6 Function of Photocatalyst in Plasma Reactions 
2.1.4.6.1 Plasma Photocatalyst Combination 
TiO2 as a semiconductor is an ideal photocatalyst that is capable of electron-hole pair formation 
when absorbing UV light. Sano et al. [110] used two different catalysts, TiO2 and γ-Al2O3, to 
investigate the effect of generated UV light by plasma in photocatalyst activation. For this purpose 
they used a PPC reactor for elimination of acetaldehyde (CH3CHO) and CO. They reported a 
higher mineralization degree for acetaldehyde in the presence of γ-Al2O3 compared to TiO2. Also, 
utilization of γ-Al2O3 improved the oxidation of CO twofold compared to the TiO2. They proposed 
that the active oxygen species formed by the O3 decomposition can be responsible for high activity 
of γ-Al2O3. These species are released due to the activation of lattice oxygen of either TiO2 or γ-
Al2O3 under plasma discharge. Finally, they postulated that employing a catalyst with the high 
ability of lattice oxygen and ozone utilization can enhance the VOC removal more efficiently than 
a photocatalyst that can be activated by weak UV light emitted from plasma [110]. Similar results 
were reported by [111], [112].  
2.1.4.6.2 Plasma-UV Photocatalyst Combination  
Huang et al. [111] performed an experiment, in the presence of a TiO2/AC catalyst, to 
investigate the effect of combining plasma and external UV light for toluene decomposition. Their 
results showed a significant increase in the removal efficiency. In this condition, the generated 
ozone produces OH radicals which can participate in later reactions. They ascribed this outcome 
to the synergic effect of the plasma and UV light rather than to the synergic effect between plasma 
and photocatalyst.  
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39 2.0 ppm 
a Approximate amounts extracted from graphs 
b Calculated by equation (28) data extracted from reference.  
c Calculated by equation (29) data extracted from reference.  
SSA: specific surface area 
1SMF: sintered metal fiber  
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According to Maciuca at al. [109] the synergic effect of plasma, UV and TiO2 in VOC removal 
enhancement is the outcome of TiO2 activation in the presence of UV light, and formation of 
electron-hole pairs on the surface of the catalyst. They suggested that the activated TiO2 
decomposes ozone in plasma zone, under the UV light radiation (λ =254nm):  
TiO2+ hv → h+ +e-       (2.45) 
O3+ e
- → O3-        (2.46) 
O3+ e
- → O-+ O2        (2.47) 
O3
-→ O-+ O2        (2.48) 
When the highly reactive species (O-) is in contact with the conduction band of UV-irradiated 
TiO2, it captures the electrons which results in the formation of holes and in the following reactions 
[109]: 
h+ +OH- → OH        (2.49) 
h+ +H2O
 → OH +H+       (2.50) 
H+ + O3
- → HO3        (2.51) 
HO3
→ O2+ OH        (2.52) 
O- and OH have a key role in the oxidation reaction process [109]. Table 2.3 shows the VOC 
conversion during the post-plasma process in the presence of UV/TiO2, TiO2 and UV.  
Results of Table 2.3 show the positive effects of ozone decomposition in the destruction of 
toluene. Moreover, the combination of Plasma/UV/TiO2 enhances the toluene conversion. 
Considering the fact that all earlier studies have been performed at VOC concentration much 
higher than those which can be found in indoor environment more studies are needed to 
demonstrate the applicability of this technique for indoor environment.  
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     Plasma/UV/TiO2 82.2 
     Plasma/TiO2 77.6 
[111] PPC Toluene N/A 0.2 Plasma/UV 40.5 
     Plasma 1.2 
     UV/ TiO2 N/A 
     Plasma/UV/TiO2 85.1 
     Plasma/TiO2 44.2 
[109] IPC Isovaleraldehyde 5.4 5 Plasma/UV N/A 
     Plasma 39.2 
     UV/ TiO2 33.2 
 
2.1.4.7 Cycled Storage–Discharge (CSD) Plasma Catalytic Process 
Energy consumption is an important element in the application of plasma-based techniques for 
indoor environment. Although catalyst implementation in plasma reactors has made this method 
more cost-effective, optimization of these systems to decrease the expenses is still a goal in 
developing plasma processes. One promising technique to decrease the energy consumption is 
using CSD plasma catalytic reactors as reactive adsorption processes. Kim et al. [116] reported the 
application of adsorption-plasma cycle method, for the first time, for complete oxidation of 
absorbed benzene by an Ag/TiO2 catalyst: Other studies also reported this application [30], [84], 
[87], [107]. 
 A CSD plasma catalytic reactor acts in a two-stage cycle. In the first step (storage stage) the 
target component is adsorbed on the catalyst while plasma is off. In the second step (discharge 
stage), plasma is applied in the reactor to oxidize the adsorbed VOCs [87]. Figure 2.4 shows a 
schematic diagram of a semi-batch CSD plasma catalytic reactor. In this figure, Q1 and Q2 are the 
polluted and clean airflow rates in the storage stage and discharge stage, respectively; t1 is the 
storage period, and t2 is the discharge period of the CSD process. 
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Figure 2.4 Schematic diagram for a CSD plasma catalytic reactor 
 





        (2.53) 
where, 𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒  (kWh) is the discharge power, Q1 (m
3h-1) is the flow rate in the storage step 
and t1 and t2 are the storage and discharge periods (h), respectively. 
Figure 2.5 shows the operating diagram of a CSD process. This diagram shows that decreasing 
the discharge time during a CSD plasma catalytic process can decrease the energy consumption of 
the system significantly. High surface area and storage capacity are two important factors for the 
catalyst to increase the storage time (t1) and consequently the energy cost. Furthermore, in high 
levels of relative humidity, the existing water molecules compete with the target components for 
adsorbing on the catalyst surface and limit the access of these molecules to the catalyst surface. 
The outcome is that the removal efficiency of VOCs diminishes. Thereby, an appropriate catalyst 
should provide an excellent adsorbent characteristics as well as hydrophobic properties. 
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Figure 2.5 Operating diagram of plasma discharge- time in a CSD plasma reactor 
 
Kim et al. [107] employed different types of catalysts to investigate the effect the catalyst type 
on VOCs removal and CO2 selectivity. They found that TiO2-based catalysts have a high removal 
efficiency; although, their low storage capacity make them inappropriate for utilizing in CSD 
processes. Hydrophobic zeolite-based materials, as dual functional absorbent/catalysts, exhibit 
high storage capacity and high surface area along with excellent humidity tolerance, which make 
them favorable candidates for application in CSD processes [30], [87], [117]. The oxidation 
properties of these catalysts can be enhanced by loading metals or metal oxides on the surface of 
these materials. However, specific surface area and pore volume are generally decreased by 
loading the support materials on the surface of the catalyst [118]. Employing an AgCu/HZSM-
5catalyst for HCHO removal in a CSD plasma catalyst showed that this method is capable of 
HCHO removal even in ppb levels [87]. Moreover, the hydrophobic properties of HZSM-5 help 
to increase the adsorption of the target component which results in high removal efficiency. Table 
2.4 presents an overview of the studies on the CSD plasma process. 
Despite the advantages of hydrophobic zeolites, the relatively small pore sizes of these 
materials make them improper for adsorption of large size molecules [119]. Therefore, selecting 
an appropriate catalyst with high storage capacity and oxidation capability of different sizes of 
VOCs is one of the important challenges in developing the catalyst.  
It has been shown that CSD plasma process is a cost-effective and high performance technique 
for VOCs removal in low concentration levels when it was tested in semi-batch system. However, 
to be used for indoor environment application (ambient temperature, high relative humidity, high 
air flow rate, mixture of contaminant, etc.), and to assess its energy efficiency, further systematic 
research is required.  
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2.2 Part 2: Metal Organic Frameworks 
2.2.1 Introduction 
Selecting an appropriate dual functional adsorbent/catalyst (DFA/C) is an important challenge 
for a plasma-driven catalyst process. As previously mentioned, high adsorption capacity, swift 
adsorption rate and hydrophobicity, especially at low concentration levels of VOCs, are essential 
characteristics of an employed catalyst in a plasma system. Furthermore, the oxidation ability of 
the catalyst plays an important role in the VOC removal performance. Due to the variety of VOCs 
regarding their structural, chemical properties, and molecular sizes, finding a proper DFA/C 
suitable for degradation of all types of these compounds is not easy.  
Activated carbon (AC) is one of the most common porous materials used as the adsorbent. The 
large micropore size distribution along with its high surface area results in high adsorption capacity 
of VOCs [121].  The low price of AC makes it more favorable than other adsorbents. However, 
due to the highly amorphous structure of AC and the lack of the presence of metal active sites in 
its structure, adsorption on AC is uncontrollable [122]. Also, difficulty in its regeneration due to 
the risk of firing at high temperature restricts the application of AC as a DFA/C [121]. 
Hydrophobic zeolites, on the other hand, are highly crystalline materials with an extremely 
uniform framework. These properties along with their stable structure in the presence of humidity 
and high temperature propose zeolites as excellent DFA/Cs. Several studies have conducted 
plasma catalytic experiments in the presence of zeolites  [30], [82], [83], [30], [87], [117]. 
However, the small size of their micropores (≤ 2 nm) is hardly tunable due to their highly stable 
structure. This barrier inhibits the adsorption ability of zeolites for large size VOCs [121] as well 
as their catalytic characteristics. 
As an alternative, metal organic frameworks (MOFs) are a new class of porous organic-
inorganic polymers with phenomenal flexibility in tuning their networks and adjustability in their 
internal surface [36], [122], [123], [124]. The flexible framework of these porous materials causes 
some unusual patterns in adsorption isotherms for small inorganic molecules (i.e., H2O, N2, O2, 
Ar, CO2, CH4), as well as large organic compounds (i.e., ethylene oxide, acetonitrile, benzene, 
xylene isomers, tetrahydrothiophene, cyclohexane and thiophene etc.) [36], [122], [125].  
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Up to now, the application of MOFs has been studied in many different fields, including ion 
exchange, sensor, gas and liquid separations, molecular sieves, size-selective separation, 
polymerization, nonlinear optics, conductors and semi-conductors [36] [126], [127], [128].  
Table 2.5 compares the general properties of MOFs with other adsorbents and/or catalysts that 
have been used in plasma catalytic systems.  
Table 2.5 General characteristic of different adsorbents and/or catalysts in plasma studies 
 AC Metal Oxides Zeolites MOFs 
Structure Amorphous Crystalline Highly Crystalline Highly Crystalline 
Surface area High Limit High Extra high 
Pore size Not Fixed Small Relatively small Tunable 
Adsorption capacity High Limit High High 
Catalytic properties No Yes Yes Yes 
Thermal stability Weak Highly Stable Highly Stable Stable 
Chemical stability  Weak Highly Stable Highly Stable Stable 
Diversity Limit Limit Limit Infinite 
 
Despite the superior properties of MOFs, to the best knowledge of the author, the potential 
catalytic capacity of these materials for oxidation of VOCs has not been investigated so far. 
Accordingly, the following section is a review on MOFs characteristics, synthesis methods, and 
their application in the adsorption of VOCs. As the studies in catalytic properties field are limited 
to the role of MOFs in catalytic conversion of organic compounds rather than their total oxidation, 
general properties of these materials as catalysts are explained.   
 
2.2.2 Structure of MOFs 
MOFs are classified as microporous and mesoporous materials with the pore size between the 
range of an angstrom to nanometers [129]. These highly porous materials are composed of 
inorganic metal ions or metal clusters and organic linkers [128], [130], coordinated together with 
strong covalent bonds [122]. This organic-inorganic topology allows MOFs to have an adjustable 
framework by changing the organic linkers as well as metal clusters [131]. The structure and 
properties of a MOF is predictable based on the metal node and the linker in its building units 
[132]. 
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The metal nodes in the structure of MOFs is commonly a transition metal, s /p group, or the 
lanthanides group, which are supplied in the form of a salt including, nitrate, chloride, acetate, etc. 
[133]. The organic linker has an important role in construction of the synthesized MOF. Linkers 
can induce diverse properties in MOFs and tailor their structures according to the type of their 
functional group [134]. Accordingly, based on the type of linkers the structure of MOFs can be 
classified as:  
Carboxylate framework: In the structure of these types of MOFs polycarboxylic acids such as 
terephthalic acid or complex polyaromatic molecules are used as linkers [131], [133], [135]. 
Carboxylate-based MOFs exhibit remarkable functional properties as well as chemical and thermal 
stability [126]. Therefore, increasing the temperature in order to remove the solvent from their 
pores without any change or destruction of their structure is possible[126]. However, the metal-
carboxylate bond in some of these MOFs can be hydrolyzed. Also, strong coordinative water-
unsaturated metal center bonds is a disadvantage for some of these MOFs especially for application 
in a humid environment [125]. 
Phosphonate framework: Phosphonate ligands are used less than carboxylates in MOFs.  The 
reason is because of the different steps of deprotonation, which results in complexity in the 
coordination chemistry of the phosphonate ligands. These ligands form dense layered and less 
ordered materials [136]. 
Sulphonate framework: Commonly, sulfonate structural MOFs do not have enough reactivity 
and the formed framework contains lower dimensionality and less coordinated crystalline 
framework [137]. There are very limited inorganic counterions able to be joined to the sulphonates. 
After synthesis, the structure of the formed MOF is not strong enough and pores can collapse 
[136]. 
Polyazolate Framework: Polyazolate-based MOFs (polyazolate: tetrazolate, triazolate, 
imidazolate, and pyrazolate), exhibit similar stereochemistry to carboxylate materials but they 
possess a higher basicity along with a more robust network which potentially make them more 
selective adsorbents and better catalysts [125]. Zeolitic imidazolate frameworks, known as ZIFs, 
are the most common sub-class of this framework. The symmetry and porosity of ZIFs is less than 
other MOFs[136]. However, they are thermally and chemically robust and exhibit higher catalytic 
properties [136]. 
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Porphyrin frameworks: Porphyrins have rigid networks, and acceptable thermal and chemical 
stability, which make them capable to withstand in severe conditions[136]. Different types of metal 
ions can be coordinated in the center of their ring[136].  
Carbonate-based frameworks: These MOFs show rigid network, thermal stability up to 400oC, 
and chemical stability which make them capable to withstand in severe solvothermal 
conditions[136]. The pore size of these MOFs is smaller than formed pores based on phenyl [136].  
A very advantageous characteristic of MOFs is that using an organic linker with a longer length 
can increase the opening size and extend the specific surface area of the formed MOF without any 
negative effect on its stability [138]. For instance, employing 1,4-benzene-dicarboxylate, 
biphenyl-dicarboxylate and terphenyl dicarboxylate in the synthesize of UiO-66, UiO-67 and UiO-
68, respectively, resulted in about two to three times increase in the surface area [138]. 
Furthermore, the dimensions of a unit cell can be changed by changing the organic linker while 
the crystal structure does not change (See Table 2.6) [132]. 
Table 2.6 The effect of the length of organic linker on the specific surface area and opening size of the 
synthesized MOF [138] 
MOF Organic Linker Number of benzene 
molecules in the linker 
Langmuir surface 
area (m2/g) 
Opening size (Å) 
UiO-66 1,4-benzene-dicarboxylate One - 1187 6 
UiO-67 Biphenyl-dicarboxylate Two - 3000 8 
UiO-68 Terphenyl-dicarboxylate Three- 4170 10 
 
2.2.3 MOFs as Adsorbent 
MOFs  have large porosity, high surface area, tunable pore size and shape, that can be variable 
in the range of microporous to mesoporous scale based on the nature of the organic linkers and the 
connectivity of the inorganic moiety [139]. Unlike other porous materials (i.e. AC and zeolites) 
MOFs have no dead volume or non-accessible pores in their structure for guest molecules [35]. 
Although, these properties make MOFs potential candidates for adsorption of different sizes of 
molecules, other factors including the presence of free active sites, adsorption activation energy, 
reactivity, physicochemical stability, fast kinetics and high reversibility, can critically affect the 
adsorption properties of these porous materials. 
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As of now, several studies have investigated the adsorption properties of different types of 
hazardous and non-hazardous gases on MOFs [140], [36], [141], [142]. Due to our focus on VOCs 
elimination, here, the characteristics of some MOFs and their potential for adsorbing VOCs are 
discussed.  
2.2.3.1 MOF-5 or IRMOF-1 and its Relatives 
IRMOF-1, also known as MOF-5 (Zn4O(C8H4O4)), contains 15 Å cages that  are connected by 
pore openings of 7.5 Å [123]. The structure of MOF-5 is introduced as a parent for a series of other 
MOFs with large cubic pores [143]. This MOF has a highly nanoporous structure with at least two 
different types of adsorption sites [36], [115]. The adsorption capacity of MOF-5 is reported in 
different studies. For instance, the adsorption of more than 30 VOCs including alkanes, alkenes, 
aromatics, ketones, and halogenated compounds on IRMOF-1 were investigated in the study of 
Luebbers et al. [123]. They demonstrated that the interaction between the guest molecule and 
inorganic vertex of the IRMOF-1 framework for aromatic compounds is stronger than that of light 
molecules such as hydrogen or methane [143]. The flexibility in the structure of this MOF allows 
it to be adapted according to the size and the shape of host organic compounds [144]. However, 
the framework of IRMOF-1 is unstable when exposed to humidity in the ambient atmosphere, 
which causes a remarkable loss of its activity [145]. 
Britt et al. [122] studied the adsorption behavior of four different VOCs (tetrahydrothiophene, 
benzene, dichloromethane, ethylene oxide) on six different MOFs. All of these MOFs had the same 
basic structural framework as IRMOF-1. Table 2.7 presents the characteristics of the tested MOFs. 
Table 2.7 Characteristics of the benchmark MOFs, [122] 




MOF-5  2205 1.22 
IRMOF-3  1568 1.07 
MOF-74 ■ 632 0.39 
MOF-177  3875 1.59 
MOF-199 ■ 1264 0.75 
IRMOF-62  1814 0.99 
 
A comparison between the breakthrough curves of the selected VOCs on these MOF and a 
commercial type of AC (Calgon BPL), showed that the dynamic adsorption capacity of some 
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MOFs surpasses AC capacity up to 35% (Figure 2.6). The curves show that MOF-177 does not 
show a high VOC uptake, despite its extra high specific surface area. The same trend is observed 
in MOF-5 behavior. On the other hand, MOF-199 (HKUST-1) and MOF-74 are the most effective 
MOFs in IRMOF-1 family for capturing vaporous VOCs.  
MOF-199 possesses open copper (II) sites in its structure.  Also, MOF-74 contains the highly 
reactive 5-coordinate zinc species and potentially reactive oxo groups. These unsaturated metal 
sites in MOF-74 and MOF-199 act as reactive Lewis acids. Thus, they could be proposed as highly 
effective adsorbents with high dynamic adsorption capacity. The lack of open metal sites in the 
framework of other MOFs (IRMOF-3, IRMOF-5, MOF-177, and IRMOF-62) incapacitates them 
to act as a Lewis acid. Therefore, the uptake properties are very poor [122].  
 
 
Figure 2.6 Breakthrough curves of (A) tetrahydrothiophene (THT), (B) benzene, (C) dichloromethane (CH2Cl2), 
ethylene oxide (EtO) adapted from [122] 
 
Not only MOF-199, Cu3(btc)2 (btc=benzene-1,3,5-tricarboxylate) shows a high capacity of 
adsorption for the mentioned VOCs, but it is also one of the most effective MOFs for adsorption 
of organo-sulphur compounds. This MOF exhibits an excellent permanent adsorption of 
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tetrahydrothiophene, which is desirable for protective applications. Changing the color is an 
indicator that shows the progress of its saturation [122]. However, the irreversible coordination of 
water or organic compounds and open metal sites makes MOF-199 inappropriate for adsorption 
applications [122], [125]. 
2.2.3.2 Bis-pyrazolate-based MOFs 
Ni(bpb) and Zn(bpb), (bpb: 1,4-Bis (4-pyrazolyl)- benzene), are two flexible bis-pyrazolate 
based MOFs. These thermally stable MOFs have highly porous structures and specific surface 
areas of 1600 and 2200m2/g, respectively. The accessible channels in their frameworks make these 
MOFs suitable for capturing organic compounds. During the synthesis, based on the thermal 
conditions, the solvent is trapped in their porous polymeric network. This solvent can be removed 
by treating the MOF at higher temperatures [125].  
Galli et al. [125] studied the adsorption behavior of benzene and cyclohexane and thiophene on 
Ni(bpb) and Zn(bpb). Results showed a quasi-reversible isotherm adsorption of cyclohexane on 
both MOFs at 303 K, while benzene followed an almost irreversible adsorption isotherm. A 
comparison between the breakthrough curves of these MOFs and MOF-199 in the presence of 60% 
moisture at 298 K showed that Zn(bpb) and MOF-199 are totally inefficient for the adsorption of 
thiophene in the presence of humidity. Zn(bpb) does not allow the direct interaction between the 
metal center ions and the S-donor atoms. In contrast, the one-dimensional hydrophobic channels 
in Ni(bpb) structure makes its network flexible for interaction between the metal center ions and 
the S-donor. Ni(bpb) has high thermal stability and surpasses other carboxylate-based MOFs, 
which cannot be applied in air filters because of their sensitivity to humid air [125]. The low 
performance of CH4 and CO2 adsorption indicates weak interaction between these molecules and 
MOFs. This suggests that Ni(bpb) and Zn(bpb) are not suitable adsorbents for small size molecules 
under atmospheric pressure. However, these MOFs can form strong static and dynamic bonds with 
benzene, cyclohexane, and thiophene [125].  
2.3.3.3 Lanthanide-based MOFs 
Lanthanide-based MOFs (Ln-MOFs) especially Tb3+and Eu3+ have versatile coordination 
geometry, unique luminescent and magnetic properties, which are useful in selective gas 
adsorption [126]. Europium-based MOFs (Eu-MOF) can act as efficient photocatalysts in the 
presence of UV light [145]. Their framework is highly stable in the presence of solvents. For 
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instance, two La(III) complexes, {La(cpia)(2H2O)3 4H2O}n and {[La(cpia)(H2O)(2DMF)}n, 
(cpiaH3=5-(4-carboxy-phenoxy)-isophethalic acid, are insoluble in organic solvents (acetone, 
ethanol, and pyridine), as well as water. Their structure is also stable in the air and high temperature 
(up to 400oC). Therefore, the guest solvent trapped in their framework can be evacuated by heating 
without collapsing their framework [126]. Nevertheless, the specific surface area of these MOFs 
is very low compared to other MOFs. For the {La(cpia)(2H2O)3 4H2O}n, Langmuir surface area 
of is ∼147 m2 g-1 and BET surface area at 77K for N2 is less than 1m2g-1 [126]. The difficulty in 
controlling the design of their structure due to a variety of coordination numbers [126] make them 
unfavorable candidates for adsorption application.  
2.2.3.4 Crystalline Porous Material-5 (CPM-5) 
CPM-5, [(CH3)2NH2][In3O(BTC)2(H2O)3]2-[In3(BTC)4]·7DMF·23H2O, is a crystalline porous 
material with a highly symmetrical framework [146]. In CPM-5 the structure consists of a large 
Archimedean cage which is made up of 24 mononuclear In3+ sites, known as In24 cage. These big 
sodalite cages encapsulate smaller Archimedean cages (In12 cage) at their center (Figure 2.6).  The 
framework of CPM-5 constitutes of In3O clusters as metal centers which are connected together 
by means of 1,3,5-benzenetricaboxylate (BTC) linkers [146]. 
 
Figure 2.7 A view of the three dimensional, cage-within-cage architecture of CPM-5, Adapted from [146] 
 
CPM-5 is thermally, hydrothermally and photochemically stable. [129]. The unique cage-
within-cage structure of CPM-5 increases the potential of its adsorption capacity. Different studies 
have reported the high adsorption capacity of CO2 on CPM-5 [141], [146]. Yet, VOCs adsorption 
on this MOF has not been studied.  
 43  
 
2.2.3.5 Material Institute Lavoisier 
Material institute Lavoisier (MIL) frameworks are a common group of metal carboxylate MOFs 
in which their framework consists of linear organic linkers, especially terephthalic acid [135]. The 
properties of two important MOFs in this group are explained in the following sections.  
2.2.3.5.1 MIL-53 
MIL-53 consists of trivalent cations, Cr3+, Fe3+ or Al3+, which are connected together by means 
of benzene dicarboxylic acid (terphthalic acid).  This MOF shows a highly flexible framework and 
high thermal stability up to 500oC [135].  The flexible structure of MIL-53 causes a transition in 
its structural phase (shrinking or expansion of frameworks) upon the adsorption/desorption process 
based on the polarity of guest molecules [147]. This phenomenon is described as the breathing 
phenomenon, which is shown in Figure 2.7 for  hydration-dehydration of MIL-53 (Al, Cr) [148]. 
Deformation of the structure in the presence of water molecules is the result of interactions 
between hydrogens in H2O and oxygens in carboxylate and hydroxo group. The formed hydrogen-
bond is easily destroyed by heating the MIL-53[148].   
Application of MIL-53 is studied in liquid-liquid separation, gas sorption, and drug delivery 
[135]. 
 
Figure 2.8 Breathing phenomenon upon the hydration/ dehydration of MIL-53. Left: MIL-53 (hydrated), and 
Right: MIL-53 (dehydrated), Adapted from [148] 
 
2.2.3.5.2 MIL-101 
MIL-101 is a chromium terphthalate-based MOF [35] with cubic structure, huge porosity, and 
exceptionally high specific surface area . The Langmuir surface area of MIL-101 can reach up to 
5900± 300 m2/g, which is the highest reported surface area for porous materials till date [149].  
MIL-101 has a zeotype topology with crystals in the sizes of around 100 nm, and pore volume 
1.9 cm3/g. MIL-101 possesses two types of mesoprous cages, 2.9 nm and 3.4 nm (29 and 34 Å) in 
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its structure [131], [34]. The smaller cages exhibit pentagonal windows with free openings of ∼12 
Å, while the large cages possess both pentagonal and larger hexagonal windows with 
approximately 14.5 Å and 16 Å free aperture, respectively [35]. This causes easy mass transport 
via its microporous pentagonal and hexagonal windows [150]. Figure 2.8 illustrates the structure 
of this MOF. 
The structure of MIL-101 is stable in the presence of both organic solvents and water as well 
as high temperature[35]. Several studies have reported rapid adsorption of different types of VOCs, 
including benzene, n-hexane, toluene, methanol, butanone, dichloromethane and n-butylamine on 
MIL-101. [35], [34], [150], [151]. Results demonstrated that this MOF is an excellent candidate 
for VOCs removal from air. However, the effect of change in ambient conditions such as humidity 
especially in low concentration of VOCs has not been intensively considered in the adsorption 
behavior of this MOF.  
 
   
 
Figure 2.9 Left: Structure of the MIL-101(Cr), Right: The corresponding inorganic subunit of MIL-53. Metal, 
oxygen, and carbon atoms are shown in green, red, and black, respectively, terminal water molecules and 
fluorine are shown in gray. Adapted from [140] 
 
Table 2.8 shows a comparison between the equilibrium amounts of adsorbed benzene on MIL-




       (2.54) 
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Where Qe (mmol/g) is the amount of adsorbed per gram at equilibrium time, Mbenzene (g/mol) is 
the molecular weight of benzene, We (g) is the amount of adsorbent (MIL-101) at equilibrium, Wa 
is the initial weight of the adsorbent.  
Results of Table 2.8 show a superior capacity of benzene adsorption on MIL-101 compared to 
all other adsorbents[35]. The large pore sizes and extra high surface area are the reasons for this 
transcendent capacity [35]. 
Table 2.8 Comparison between the equilibrium amount of adsorbed benzene on MIL-101 and other adsorbents; 
adapted from [35] 
 
A comparison between the diffusion coefficient of benzene in different adsorbents in Table 2.9 
also shows that the diffusivity is nearly fivefold higher compared to activated carbon and around 
four to ten-fold higher than zeolites [35]. The same result was obtained in another study for 
adsorption equilibrium of p-xylene on MIL-101 [34]. The maximum capacity of p-xylene 
adsorption on the MIL-101 was reported to be 3–8 times more than other adsorbents including γ-
Al2O3, active carbon, and zeolites. This higher diffusivity is due to the mesoporous cavities and 
large apertures, which supply high storage possibility for gases [34]. The extra-high surface area 
provides a vast area of adsorption sites available for p-xylene [34]. Also, the existence of benzenes, 
as functional groups, in the microporous framework of MIL-101, increases the electrostatic 
interaction between the adsorbent and the target aromatic compound [34]. The result is a faster 
adsorption kinetics [34], [35]. 
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Table 2.9 Comparison between the diffusion parameters of benzene within the MIL-101 and other adsorbents, 
adapted from  [35] 
 
The adsorption isotherms exhibit a decrease in the adsorption capacity by increasing the 
temperature from 288 to 318K, which demonstrates that the interaction between the VOC, 
benzene/p-Xylene, and MIL-101 is a physisorption phenomenon [34], [35]. A study of five 
consecutive cycles of benzene adsorption-desorption on MIL-101 at 298 K/303 K, and 0.04 mbar 
also showed that desorption rate is nearly as fast as the adsorption rate and the efficiency reaches 
97% for benzene. [35]. 
 
2.2.3 MOFs as Catalyst  
Crystal size and size distribution are two important factors when a material is considered as a 
catalyst [152], [139]. Zeolites are an important class of commercial heterogeneous catalysts due to 
their highly crystalline, uniform framework, and highly robust structure under extreme conditions 
[131]. However, as mentioned earlier, their relatively small pore sizes restrict their application for 
the removal of large size molecules.  MOFs, on the other hand, possess diverse structure, hybrid 
nature with high to extra high porosity and surface area, tunable pore size, and very low density of 
framework [132], [153]. These characteristics facilitate the mass transport phenomena, including 
adsorption of target components, diffusion into pores and desorption of the products, and provide 
a favorable condition for catalyzing a reaction [132]. MOFs also have abundant amounts of metal 
content, around 20–40 wt% in the form of metal nodes, with free and exchangeable active sites 
[152]. The presence of these metal sites induces heterogeneous catalytic properties [154].  
Up to now, several studies have reported the successful employment of MOFs as catalyst. For 
instance, MOFs act as catalysts in isomerization reactions, because of the presence of Lewis acid 
sites in their structures [155], [132]. MOFs have been used as semiconductor in photocatalytic 
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reactions [156], Brønsted acid catalysts in the hydration of alkenes, esterification, and alkylation, 
and also base catalysts [134]. Results show very high catalytic performance of the applied MOFs. 
Some MOFs show the ability for CO oxidation [157]. To the best knowledge of the author, total 
oxidation of VOCs on MOFs has not been investigated yet.  
Despite the pointed transcendent characteristics of MOFs as catalyst, it is noteworthy that the 
maximum temperature that MOFs can stand is roughly 400oC and rarely 500oC for very few of 
them [138]. Therefore they cannot be used in catalytic reactions that requires high temperature, as 
their network collapses [132]. 
 
2.2.4 Synthesis of MOFs 
Generally, MOFs are formed in the presence of a metal salt (i.e. nitrate, chloride, acetate, etc. 
[133] and an organic linker [132]. The self-assembly of a MOF is usually performed in a few hours 
between room temperature up to 200oC [152]. During the synthesis process, variety of moieties 
including fragile organic molecules are encapsulated in the MOF framework, leading to the 
formation of various types of MOFs [127]. After the synthesis, there is an accumulation of solvent 
in the framework (up to 150 wt%), which causes a decrease in the porosity and surface area [152]. 
This trapped solvent should be removed prior to using MOF in gas-phase adsorption and reaction 
processes. Since the solvent removal may result in collapsing the MOF structure, this evacuation 
should be processed in a gentle operational condition [152]. 
The pH value rules the stability of the formed MOF [152]. Commonly, the synthesis is 
performed in acidic environment [150]. However, for the formation of MOFs, the organic ligand 
should be deprotonated. The presence of a base (for instance NaOH) can accelerate this 
deprotonation at room temperature [153], [158]. The result of the presence of a base is the 
formation of nanometer size crystals (up to 200 times smaller than the ones obtained in the absence 
of any base) with higher yield [153]. The role of the solvent in MOF synthesis is not only to 
dissolve the reactants, but it is also to act as an agent in directing the structure [153]. Due to the 
milder operational conditions of MOFs synthesis, these catalysts seem to be more cost effective 
for preparation in industrial scale, compared to many other catalysts.  
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2.2.4.1 Synthesis Methods 
Generally, the synthesis of MOFs is performed under solvothermal method in pressurized 
autoclaves, which is also known as the conventional electrical (CE) heating method. Recently, 
microwave (MW) and ultrasound (US) synthesis methods, have also been reported for this purpose 
[129], [139], [159]. It is demonstrated that in MW irradiation and US, the obtained size is usually 
smaller compared to the CE heating method (i.e. 10 times smaller in MW compared to the CE 
method) [35], [139]. Furthermore, the obtained crystals in the MW method are more uniform 
compared to the CE method [35].  
 
2.3 Summary and Research Direction 
The shortcomings of the presently available air purifiers, including incomplete oxidation of 
VOCs, generation of hazardous by-products, low reaction rates, inability of removing different 
sizes of existing VOCs, and the negative effects of humidity in the indoor environment necessitate 
the introduction of an alternative method to eliminate these deficiencies to improve the air quality 
of indoors. Although literature states that plasma-driven catalyst methods are capable of improving 
these problems to some extent, these methods are not economical when the concentration of VOCs 
is very low.  
The critical role of the catalyst to achieve a high performance of VOCs removal opens a new 
field of study for the development of novel dual functional adsorbent/catalysts (DFA/Cs), with 
excellent storage and oxidation capacity. The excellent adsorption capacity and high potential 
catalytic properties of MOFs makes these materials potential DFA/Cs. However, many unstudied 
areas should be considered prior to utilizing these materials in plasma systems.  
The main objective of this research is defined to utilize MOFs as DFA/Cs for a plasma-catalyst 
system. After an intensive literature review on different plasma-based methods and also several 
MOFs: 
  DBD plasma was selected as the applied plasma system for this research. The set-
up was designed, implemented and the impact of design parameters on the energy 
density and the rate of ozone generation were studied.  
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 Three different MOFs, MIL-101, MIL-53, and CPM-5, were chosen as DFA/Cs. 
These MOFs were synthesized and characterized to identify their type, specific 
surface area and thermal stability.  
 Adsorption isotherms and breakthrough behaviors of the synthesized MOFs were 
intensively studied for adsorption of one ppm toluene and isobutanol.  
 The target MOFs were used as catalyst in a plasma reactor and their VOCs removal 
efficiencies were studied.  
 Formation of ozone and organic by-products and also the ability of catalyst 
regeneration after a plasma-oxidation reaction were investigated.  
 The effect of the presence of 30% relative humidity on the adsorption behavior and 
oxidation ability of each MOF was investigated. 
 Feasibility of regeneration of the targeted MOFs after adsorption and oxidation 
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Chapter 3 
3. Impact of Design Parameters on the Performance of 




Design and implementation of a plasma set-up was the first defined sub-objective of this 
research. For this purpose, a dielectric barrier discharge (DBD) micro reactor was selected as non-
thermal plasma set-up. Different forms and types of metals including silver paste, aluminum foil 
and two different meshes of stainless steel were applied as ground electrodes. The area of plasma 
active zone was changed via changing the length of the inner electrode. Also the gap between the 
electrodes was altered by changing the rector diameter. The impact of the above mentioned design 
parameters on the energy consumption and the rate of ozone generation in the plasma set-up were 
investigated.  
The outcome of this research is published in “Chemical Engineering Journal” (Bahri, M., 




Over the past decade, non-thermal plasma (NTP) systems have been considered as indoor air 
treatment methods for removal of volatile organic compounds (VOCs) [32], [77], [160], [161], as 
well as particulate matters [65], [68] and bacteria [66], [67]. In this method, acceleration of 
electrons takes place in the presence of a high voltage discharge. The collision of these high energy 
electrons with the molecules in the air causes the formation of different types of reactive species, 
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ions and radicals (R*, R+, R), which contribute to oxidation reactions of organic pollutants as well 
as removal of particulate matters and bacteria [50], [160].  
The advantages of NTP systems include destruction of VOCs for a wide range of 
concentration, especially concentrations lower than 100 ppm [81], and also their relatively high 
removal efficiency for particulate matters [65], [68]. However, there are some concerns, which 
restrict the application of these systems for the indoor environment. One of these concerns is 
related to the high level of energy consumption in plasma-based systems [50], [162]. To overcome 
this problem, different types of plasma systems have been studied for utilization in indoor 
environment [49], [50]. Among them, dielectric barrier discharge (DBD) systems have attracted 
significant attention due to their facile implementation and scale up, and higher energy efficiency 
[52], [53]. A DBD reactor consists of one or two dielectric barriers between the two electrodes. 
The discharge which is initiated on the surface of the inner electrode produces large volume of 
micro-discharges [163], [164]. The characteristics of micro-discharges depend on different 
parameters including reactor configuration, composition of the gap-gas, as well as its pressure, the 
field polarity, and the frequency of the applied voltage [164].  
The second and very important concern of plasma-based method is formation of large amounts 
of ozone molecules as one of the reactive species [56], [62]. Formation of ozone is a consequence 
of dissociation of oxygen and nitrogen molecules [52]. The main part of the ozone formation is 
the result of a reaction, which takes place in a few microseconds, in the presence of micro-
discharges in a DBD system, as follows: 
  𝑂 + 𝑂2 +𝑀 → 𝑂3
∗ +𝑀 → 𝑂3 +𝑀   (3.1) 
M is described as a third collision partner including O2, O3, O or N2 in the case of air [52]. In 
addition, dissociation of nitrogen molecules in the air initiates a series of reactions that 
eventuates to generation of more O3 molecules due to the formation of oxygen atoms [52] 
according to the reactions (3.2) to (3.5):  
 𝑁 + 𝑂2 → 𝑁𝑂 + 𝑂    (3.2) 
 𝑁 + 𝑁𝑂 → 𝑁2 + 𝑂    (3.3) 
 𝑁2 + 𝑂2 → 𝑁2𝑂 + 𝑂    (3.4) 
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 𝑁2 + 𝑂2 → 𝑁2 + 2𝑂    (3.5) 
The presence of large volumes of ozone in the treatment of drinking water or flue gas with 
high concentration levels of pollutants is an advantage, as it can play a significant role in the 
decomposition of pollutants [57], [62]. Yet, when it comes to its application for indoor air 
treatment, due to very low concentration levels of VOCs, generation of high amounts of ozone is 
not necessary. In addition, this highly reactive molecule has been recognized as a hazardous 
compound for occupants’ health [165]–[167]. One approach to reduce the ozone concentration is 
introducing a catalyst downstream of the plasma reactor [106]. The catalyst not only removes the 
residual ozone from the downstream, but also initiates a series of heterogeneous catalytic reactions 
in the presence of the ozone which eventually results in enhancement of VOCs removal 
performance [160].  
Several studies have reported destruction of VOCs with concentrations around two ppm 
successfully using the ozone level of less than 60 ppm in the presence of a catalyst [32], [69]. For 
instance, while the removal efficiency of 2.2 ppm formaldehyde in a NTP reactor was 36%, 
utilizing MnOx/Al2O3 as catalyst enhanced this amount to 87%, and the amount of the outlet ozone 
was decreased from 58 ppm to 14 ppm due to decomposition of ozone on the surface of the catalyst 
[64]. In another study, removal of a mixture of benzene, toluene and p-xylene with the 
concentration of 1.5, 1.4 and 1.2 ppm, respectively in the presence of 46.7 ppm of ozone and 
MnOx/Al2O3 as the catalyst showed a conversion of 94%, 97% and 95% , as well as reducing the 
outlet ozone concentration to 1.9 ppm [4]. It should be noted that even the catalyst cannot totally 
remove the generated ozone and the ozone level in the outlet is still much higher than 20 ppb 
specified by the Health Canada's Residential Indoor Air Quality Guideline [168], for a long-term 
exposure.  
The reaction kinetic of ozone formation can be optimized by controlling the operating 
parameters including the power density, pressure, air-gap width between the electrodes, 
electrodes’ configuration and the properties of the dielectric barrier in a plasma system [52]. Up 
to now, various types of the reactors with different sizes, as well as electrode configurations and 
types have been utilized and the removal efficiency of VOCs is investigated in these reactors [32], 
[76], [103], [113], [114], [117]. However, despite the importance of controlling the ozone level for 
indoor applications, the impact of design parameters on the ozone generation along with energy 
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consumption in a DBD system has not been specifically investigated. Accordingly, this paper 
reports the outcomes of a series of experimental studies, which investigated the impact of residence 
time, type and configuration of the ground electrode, and reactor size on the energy density and 
the rate of ozone generation of a DBD micro-reactor.   
 
3.2 Experimental Setup and Apparatus 
Figure 3.1 illustrates the schematic diagram of the set-up. 
 
Figure 3.1 Schematic diagram of the plasma set-up; (A) Compressed air, (B) pressure regulator, (C) mass flow 
controller (MFC), (D) DBD reactor, (E) high voltage generator array, (F) ozone monitor, and (G) Exhaust 
 
Figure 3.1 shows that compressed air (A) passes through a pressure regulator (B) to adjust the 
pressure to 10 psig. The airflow rate is set and controlled by a mass flow controller (MFC) (C) and 
passes through a DBD reactor (D). The applied voltage is provided by a high voltage generator 
array (E) which is explained later. The airflow rate is set at 0.6 L/min and the experiment is 
performed at ambient temperature (21±1oC). The concentration of generated ozone in the reactor 
is measured downstream of the reactor using a Model 202 Ozone Monitor (F) (2B Technologies, 
An InDevR Company), which is capable of measuring ozone concentration in a linear dynamic 
range of 1.5 ppb -250 ppm with resolution of 0.1 ppb. The measurement principle is based on the 
absorption of UV light at 254 nm. The measurement interval is set to 10 s. For each test, at least 
20 readings of the ozone concentration are recorded and the average amount is used as the ozone 
concentration.   
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In this study, two sizes of the quartz tubes were employed as a reactor. Specification of these 
reactors is summarized in Table 3.1. The concentric geometry of reactors consists of a centered 
stainless steel-316 rod (D: 5mm, L: 150mm) as an inner electrode.  
Table 3.1 Specification of the reactors 
 ID (mm) OD (mm) L(mm) 
Reactor#1 9.9 12.0 250.0 
Reactor#2 10.4 12.8 250.0 
 
 The ground electrode consists of three metals in four different configurations, including 
stainless steel with two mesh sizes of 600µm (SS-T) and 90µm (SS-F), aluminum foil (Al), and 
silver paste (Ag). To prepare silver as the ground electrode, the outer surface of quartz tube is 
covered with a thick layer of silver paste (Aldrich, ρ= 5-6 µΩ.cm). The reactor is then cured at 
180oC for three hours. The electrode configurations are shown in Figure 3.2.  
 
Figure 3.2 Configuration of the inner electrodes 
 
The schematic of the high voltage power supply, indicated by HV in Figure 3.1, is illustrated 
in Figure 3.3.  
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Figure 3.3 Left panel: The schematic diagram of the high voltage power supply; (A) AC power, (B) function 
generator, (C) AC power amplifier, (D) high voltage transformer box, (E) oscilloscope, (F) DBD reactor, and (G) 
high voltage probe. Right panel: The block diagram of the high voltage transformer box; (H) Coil, (I) 10 kΩ 
resistor, (J) 530 kΩ resistor, (K) 1 kΩ resistor. 
 
The function generator (B) (BK PRECISION, Model 4011A), shown in the left panel of Figure 
3.3, uses AC power (A) as input and generates sinusoidal waveform with the adjustable frequency 
between 50Hz and 2kHz. The output of the function generator is applied to a wideband AC power 
amplifier (C) (Model AL-600-HF-A, Amp-Line Corp.), which transforms the input signal of 0-2 
Vrms to an adjustable voltage in the range of 0-28 Vrms and frequency between 20 Hz and 800 
kHz, with an output power of maximum 600 W. Afterward, a high voltage transformer box (D) 
(Model AL-T250-V25/10K-F50/2K, Amp-Line Corp.), transforms the primary voltage to a 
secondary voltage up to 30 kVp-p. The output power and the bandwidth of the transformer are 250 
W, and 50 Hz to 2 kHz, respectively. The block diagram of the high voltage transformer and the 
added resistors (I, J, and K), are illustrated in the right panel of Figure 3.3. The coil (H) intensifies 
the input voltage by 440 times. The high voltage output is loaded by the DBD reactor (F) via 
resistor I, while the outputs of resistors J and K are sent to a digital oscilloscope (E) (Tektronix, 
TBS1052B-EDU, 50MHZ, 2CHANNEL) to monitor the voltage and current signals of the system 
over time. To make sure about the voltage which is delivered to the reactor, the high voltage in the 
 56  
 
load part is also measured by a 30 kV high voltage probe (G) (Keysight N2771B). All parts of the 
set-up are connected using high voltage wires.  
The measured data are used to evaluate the energy consumption of the system. For a plasma 
system the applied energy density into the reactor, known as specific input energy (SIE, JL-1), is 




   (3.6) 
where, V is the applied voltage (kV); I is the discharge current (mA); Q is the gas flow rate (L 
min-1), and 60 is the conversion factor (1 W.h =3600 J). The frequency for all experiments is set 
to 60 Hz. Prior to the main tests, a series of experiments are performed to investigate the 
repeatability of the system. Results are provided in Appendix A.  
 
3.3. Results and Discussion 
3.3.1 Effect of residence time 
To study the effect of residence time on the consumed power, as well as on the volume of 
generated ozone, a series of experiments were performed in which the effective volume of plasma 
zone was changed by changing the lengths of the inner electrodes: L, L/2, and L/4 using Reactor#1 
(see Table 3.1). The experiments were performed for four different configurations of ground 
electrodes including, SS-T, SS-F, Al and Ag. Results are displayed in Figures 3.4 and 3.5.  
Figure 3.4 shows an increase in power consumption as the length of the inner electrode 
increases for all configurations of ground electrodes. This result is explicitly related to an 
expansion in the effective volume of the plasma zone, and consequent requirement of higher levels 
of energy for ionization of the existing air molecules between the two electrodes. On the other 
hand, according to Figure 3.4, by decreasing the effective length of the inner electrode, a higher 
amount of voltage is required to achieve the plasma ignition. 
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Figure 3.4 Effect of increasing the residence time (IE size: L, L/2 and L/4) on the required power; GE: SS-T, SS-F, 
Al, and Ag; Reactor#1 
 
According to the Townsend definition, plasma ignition is a self-sustaining discharge, which is 
independent of an external source of free electrons [169]. Ignition is a function of pressure and the 
air gap distance between the electrodes. Since the pressure and the air-gap are kept constant in all 
experiments, it is postulated that by decreasing the inner electrode length, the effective electrode 






































































 58  
 
surface results in formation of less micro-discharges in the active plasma zone inside the reactor 
[164], [170], which leads to a decrease in the chance of breakdown of the gas. Similar trends were 
observed for all types of ground electrodes (SS-T, SS-F, Al, and Ag), (Figure 3.4). While the 
amount of the SIE according to Equation (3.6) is proportional to the power, increasing the 
residence time by increasing the inner electrode length, eventually gives rise to larger rate of ozone 
generation. 
 
Figure 3.5 Effect of increasing the residence time (IE size: L, L/2, and L/4) on the ozone generation; GE: SS-T, SS-F, 
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Figure 3.5 shows that using a longer length of inner electrode not only ignites plasma at a lower 
voltage, but also increases the rate of ozone generation for a given SIE. The detailed values of 
standard deviation (STD) for generated ozone in different specific input energies are presented in 
appendix B.  
3.3.2 Effect of electrode configuration  
Figure 3.6 shows that for a given effective inner electrode length and a given SIE, the rate of 
the ozone generation changes by changing the ground electrode. The sequence of ozone generation 
rates for different electrodes is Ag>Al>SS-F>SS-T. It should be noted that the ground electrode is 
a passive electrode (it does not touch the electric field directly); thus its conductivity cannot be an 
effective parameter in the ozone generation. However, the difference between the amounts of the 
generated ozone for two different meshes of stainless steel (600µm (SS-T) and 90µm (SS-F)) 
confirms that the configuration of the ground electrodes is the more dominant factor on the ozone 
generation than its type (applied metal).  
The effect of ground electrode configuration on the decomposition of benzene was explained 
by Kim and his colleagues [170]. When the AC voltage is applied to the reactor, accumulation of 
ions with the same charges on the surface of the dielectric barrier during the first half-cycle is 
followed by an increase in the charges of the air-gap between the electrodes during the second 
half-cycle [170], [171]. This results in generation of micro-discharges and enhancement of an 
electric field in the air-gap in the reactor. The presence of any small gap between the dielectric 
barrier and the ground electrode results in the dust-enhanced streamers or corona discharges 
outside of the reactor [164], [170]. Figure 3.7 (A) illustrates the perspective of micro-discharges 
in the air-gap inside a DBD reactor, as well as corona discharges outside of the reactor.  
In this case, the dielectric (DE) layer, the air-gap inside of the reactor (Air), and the void 
between the ground electrode and the dielectric layer (Air*) act as capacitances. Figure 3.7 (B) 
shows the equivalent electrical circuit during plasma generation. The total capacity of the system 
is calculated as: 




Figure 3.6 Effect of the specific input energy on the rate of ozone generation; IE size: L, L/2 and L/4, GE: SS-T, SS-


















  (3.8) 
where CAir is the capacitance of air-gap inside the reactor between the electrodes, CDE is the 
capacitance of dielectric layer, CAir* is the capacitance of the void outside the reactor. R(t) and 
R’(t), shown in Figure 3.7 (B), are the equivalent discharge resistances of the DBD. The applied 
voltage in this case is divided between all these capacitors, and the energy which is used to ionize 
the air in the outer layer of the reactor: it can be considered as “wasted energy” [170]. When Ag is 
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Therefore, the void between the dielectric barrier and the ground electrode is eliminated. Thereby, 














   (3.10) 
 
 
Figure 3.7 Formation of micro-discharges in the air-gap inside the reactor, as well as corona discharges outside 
of the reactor (A), and the equivalent electrical circuit (B) during plasma generation in a DBD reactor 
 
The result of eliminating the CAir* is saving that part of the energy that is wasted in the form of 
parasite discharges out of the reactor. This saved energy could participate in the ionization 
reactions that take place in the air-gap and result in a higher rate of ozone generation. This could 
explain why Ag electrode shows a higher performance. The application of SS-T as the ground 
electrode provides an uneven field containing several voids and thus increases the amount of the 
wasted energy (Figure 3.6). The performance of Al foil and SS-F are between these two electrodes.  
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3.3.3 Effect of reactor size 
To investigate the effect of the reactor size on the rate of the generated ozone, the size of reactor 
was increased by means of changing the diameter of the quartz tube that caused an increase in the 
gap between the electrodes by approximately 5%, as well as 12.5% of increase in the quartz 
thickness. Figure 3.8 shows a decrease in the rate of ozone generation for a given amount of 
consumed power in Reactor#2 compared to Reactor#1, see Table 3.1.  
 
 
Figure 3.8 Effect of increasing the size of reactor on the rate of ozone generation; IE size: L, and L/4, GE: Ag 
 
Obviously, properties of the dielectric barrier including permittivity and thickness can affect 
its capacitance [52]. Quartz as a dielectric (ε =3.8) plays an important role in stabilizing the NTP 
system by reducing the field strength in the discharge area, and constricting the discharge channels 
[52], [54]–[56]. Yet, a reduction in the air-gap voltage is the consequence of increasing the 
thickness of the dielectric, which causes a decrease on its capacitance [164]. Furthermore, 
increasing the air-gap between the two electrodes is another effective factor that suppresses the 
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more energy is required for reaching the ignition voltage. The presence of larger amounts of air 
molecules between the gaps causes the dilution of the reactive species including ozone.  
Figure 3.9 summarizes the effect of changing the length of the inner electrode on the amount 
of ozone generation for Reactor#2, when Aluminum and Silver were used as ground electrodes. 
The result follows similar patterns for Reactor#1: for each applied length of the inner electrode, 
an increase in the amount of ozone generation can be seen by an increase in the SIE.  
    
Figure 3.9 Effect of the specific input energy on the amount of generated ozone; IE: 4L/3, L, L/2 and L/4; GE: Al 
and Ag, Reactor#2 
 
Figure 3.9 shows that providing a longer length of inner electrode leads to the enhancement of 
plasma zone, residence time. According to Figure 3.9, for a given amount of SIE the amount of 
ozone is increased. A quantitative comparison between the rates of generated ozone for Al and Ag 
ground electrodes (Figure 3.10), confirms that regardless of the size of the reactor, utilizing Ag as 
ground electrode forms a larger amount of ozone. Obviously, while the objective of this research 
is providing the concentration of ozone for treatment of indoor VOCs, formation of large amounts 
of ozone is unnecessary. According to the results, utilizing either silver or aluminum as the ground 
electrode, and also an inner electrode with the length of ≥L, and the SIE levels of ~200 to 250 JL-
1 seem to provide the sufficient amount of ozone, which is required for decomposition of VOCs in 














200 250 300 350 400
Al-L/4 41.919 65.819 89.719 113.619
Al-L/2 76.34 113.5 150.66 187.82
Al-L 13.19 100.035 176.88 273.725














200 250 300 350 400
Ag-L/4 56.822 83.947 111.072 138.197
Ag-L/2 99.725 155.03 210.335 265.64
Ag-L 47.42 128.075 208.73 289.385
Ag-4L/3 61.14 151.895 242.65
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Figure 3.10 Comparison between the amounts of ozone generation in reactors; IE: 4L/3, L, L/2 and L/4; GE: Al 
and Ag; Reactor#2 
 
3.4 Conclusion 
In this study the effect of design parameters including the configuration and type of electrodes 
as well as the size of the reactor on the rate of ozone generation and also SIE were investigated. 
The application of the designed set-up is considered for an indoor environment; thus, controlling 
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 Although the energy yield, for different forms and types of electrodes varies (Agpaste > 
Alfoil> SS-Fmesh>SS-Tmesh), configuration of ground electrode is a dominant parameter on ozone 
generation, rather than its type.   
 Increasing the active zone of plasma by means of utilizing a longer inner electrode results 
in an earlier plasma ignition, as well as formation of larger amounts of ozone in the same SIE. This 
result is valid regardless of the type and configuration of the applied ground electrode.  
 Increasing the size of the reactor by increasing the gap between the electrodes, gives rise 
to the requirement of larger SIE amounts to reach the same level of ozone concentration. This point 
should be considered very carefully in the plasma reactor scale- up.  
 For the implemented set-up, applying SIE ~200 JL-1 along with the size of L when silver 
paste or aluminum foil are applied as ground electrodes, generate the required level of ozone for 
indoor application when Reactor#2 is used. The same range of ozone generation can be acheived 
by applying approximately 150 JL-1 of SIE in Reactor#1, when the effective size of the inner 
electrode is L.  
 Further studies are required to optimize the energy level and ozone concentration for 









Synthesis of three different MOFs as DFACs was the second sub-objective of this research. To 
prepare the catalysts, different methods have been reported. An important issue in preparation of 
these MOFs with conventional methods is the use of an abundant amount of N, N-
dimethylformamide (DMF), which is a hazardous solvent. Therefore, the development of green 
technologies has been considered as an approach to address some of the environmental issues of 
commercializing these materials. Accordingly, in this study, the first attempt was to develop a new 
green method for the synthesis of at least one of the selected MOFs.  
So far, no environmentally friendly method has been reported for the preparation of Crystalline 
Porous Material-5 (CPM-5). Therefore, a mechanochemical method was developed to synthesize 
this MOF. For this purpose, a mixer mill was used to pulverize and thoroughly mix the precursors 
and to eliminate the use of an organic solvent during the course of catalyst preparation.  
Different numbers of stainless steel balls (3.2mmØ, ~0.134g each) were used for grinding. The 
oscillation frequency was varied from 30 to 90 Hz, and the oscillation time was ranged from 15 to 
60 min. After grinding, thermal treatment and washing of the samples were used to complete the 
synthesis process. The resulting samples were characterized by different methods including X-ray 
diffraction (XRD), scanning electron microscopy (SEM), thermogravimetric analysis (TGA), and 
BET surface area analysis.   
The outcome of this research is accepted as a research paper in "Journal of Chemical 
Engineering & Technology" (Bahri, M., Kazemian, H., Rohani, S., & Haghighat, F., (2017), 




Metal organic frameworks (MOFs) are a new class of organic-inorganic polymers with 
phenomenal flexibility in tuning their porous structure and adjusting their internal surface 
properties [36], [123], [124]. These highly porous materials are composed of inorganic metal ions 
or metal clusters and organic linkers, in the form of mono-, di-, tri-, or tetravalent ligand molecules 
[128], [130], coordinated together with strong covalent bonds [122]. This organic-inorganic 
topology allows MOFs to have numerous types of adjustable open framework structures by 
changing the organic linkers, as well as metal clusters [131], [172]. Crystalline Porous Material-5 
(CPM-5) with a typical chemical formula of [(CH3)2NH2][In3O(BTC)2(H2O)3]2- 
[In3(BTC)4]·7DMF·23H2O is a MOF with a highly symmetric framework [146]. The framework 
of CPM-5 consists of In3O clusters as metal centers, which are connected by means of 1,3,5-
benzenetricaboxylate (BTC) linkers [146]. The unique cage-within-cage structure of CPM-5, 
along with its luminosity and hydrothermal, thermal, and photochemical stability, make this MOF 
a great potential candidate for many applications including adsorption, catalysis, gas separation, 
and oxygen sensing [141], [146], [173], [174].  
Zheng et al [146] were the first group to report the synthesis of CPM-5 using a solvothermal 
method at 120oC in 5 days. Later on, this MOF was synthesized using different synthesizing 
approaches including a hybrid technique by means of microwave (MW) and ultrasound energies 
[129]. The latter method is advantageous in terms of time and energy efficiency. However, during 
the synthesis and the treatment processes of CPM-5, a substantial amount of N, N- 
dimethylformamide (DMF) is used, which is a hazardous solvent from an environmental point of 
view. Furthermore, the solvent used must be removed after synthesis/treatment steps. Therefore, a 
separation unit has to be utilized downstream and this adds to the costs of the entire process. These 
concerns, therefore, hinder industrial scale application for the preparation of CPM-5.To eliminate 
or minimize the solvent consumption, application of solvent-free methods such as 
mechanochemical (MC) and thermal methods has been proposed  [175]–[178]. However, solvent-
free methods are challenging for the preparation of MOFs, as the precursors are generally solid 
materials [179].  
Generally, in a MC method, grinding of powdered precursors takes place due to violent shaking 
of media in the presence of stainless-steel balls in a metal jar [180], [181]. This rapid movement 
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results in a series of physical and chemical phenomena and an increase in the temperature of the 
reactants. Usually, the mechanical grinding initializes the reaction, after which the reaction 
continues spontaneously [182]. This then results in the formation of the desired product either 
during or after the grinding step [180]. It has been demonstrated that using a MC method not only 
eliminates the use of solvent during the synthesis process, but it also decreases the reaction time 
compared to conventional methods [178], [181], [183], [184]. Nonetheless, it should be noted that 
in some cases the use of a solvent for purification of the formed sample by a MC method is 
necessary [184], [185].  
This paper is the first to report a green MC method using a ball mill for the synthesis of CPM-
5. The effects of several mechanical parameters, including oscillation frequency and time, and the 
proportion of balls to precursors for grinding, were investigated. Furthermore, two post-synthesis 
treatment techniques, including thermal treatments and washing with different solvents, were 
performed to study the effect of these operational parameters on the final product. 
 
4.2 Materials and Methods 
A MC procedure was developed in a Mixer Mill (RETSCH MM2 Pulverizer, 110 Volt, 60Hz, 
40 Watt, Germany) for the synthesis of the CPM-5 and the effect of mechanical blending on the 
formed sample was investigated by changing the oscillation frequency and time, and the number 
of metal balls used for milling. For this purpose, the solid precursors including indium (III) nitrate 
hydrate (In(NO3)3.xH2O; 99.5%, Philipsburg, USA) and 1,3,5-benzenetricarboxylic acid 
(C9H6O6), known as trimesic acid (BTC, MW=210.14, Caledon Laboratory Chemicals, 
Georgetown, Ontario, Canada ), were mixed together. The ratio of these precursors (In(NO3)3, 
xH2O/ BTC: 0.4 g/ 0.34g) was the same as those reported by Sabouni et al. [129]. The blended 
solid was then placed in a 10 mL capacity Tungsten Carbide (WC) jar to pulverize and thoroughly 
mix the precursors in the Mixer Mill. Different numbers of balls (stainless steel, 3.2mmØ, 
~0.134g) were used during the synthesis. The oscillation frequency and time were changed from 
30 to 90 Hz, and 15 to 60 min, respectively.  
After grinding, the resulting material was placed in an oven (DKN 400, Yamato Scientific 
America, Inc., Santa Clara, CA) at 150oC for three hours. For those samples, in which a washing 
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treatment was used, the solid-liquid separation process was performed in a centrifuge (Du Pont 
Instruments Sorvall RC-5B Refrigerated Super-speed). Characterization of the obtained samples 
was performed by means of X-ray diffraction (XRD), scanning electron microscopy (SEM), 
thermogravimetric analysis (TGA), and Brunauer-Emmett-Teller (BET) analysis. 
An XRD instrument (Rigaku-MiniFlex, Japan), using CuKa (k for Ka=1.54059 Å) and the 
Jade 7 software, was used for the X-ray diffraction of samples. The analysis was performed 
between the ranges of 5< θ <40° with a step width of 0.04°. The XRD results were compared with 
the simulated PXRD pattern of the single-crystal structured CPM-5 obtained from the Cambridge 
Crystallographic Data Centre (CCD). A thermogravimetric analyzer (Mettler Toledo 
TGA/SDTA851e, Switzerland) with the Stare software version 6.1 was used for performing 
thermal analysis of samples. The analysis was performed in the range of 25-600oC under nitrogen 
purge (50 mL.min–1) at a heating rate of 10oC/min in a 100µL aluminum container. To compare 
the TGA results of the sample with other studies, the exact procedure and the same amount of 
precursors presented in Sabouni et al. [129] were used for the preparation of CPM-5 with 
microwave energy. The BET/Langmuir surface areas of samples were measured using a surface 
area analyzer (Micrometrics ASAP 2010 BET Surface Area Analyzer, USA). For this purpose, 
each sample was first degassed in the vacuum (10–5 Torr) at 150°C. The specific surface area was 
measured according to nitrogen adsorption/desorption isotherms using the Analysis Bath at 77.35 
K. The micrographs of the synthesized samples were obtained using a SEM instrument (JEOL 
instrument, Hitachi Variable Pressure S3400N, Japan), in conjunction with an Oxford EDS system, 
operating at an acceleration voltage of 15 keV. 
 
4.3. Results and Discussion 
4.3.1 The effect of metal balls/reactant ratio 
To investigate the effect of the mass ratio of metal balls to the precursors, the number of balls 
used for grinding was changed from 10 to 20 and 30 in samples #B-1, #B-2, and #B-3. Grinding 
conditions, including oscillation frequency and time, were adjusted to 90 Hz and 60 min, 
respectively. The XRD patterns that are illustrated in Figure 4.1 show very similar peaks for all of 
the samples. Nevertheless, the intensity of the desired peak at 2θ =8.4° is improved by increasing 
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the number of balls. This can be explained by the fact that by increasing the ball numbers, the 
mechanical and thermal energies generated through collision and friction is more intense, and this 
enhances the reaction rate. Although increasing the number of balls improved the intensity of the 
desired peaks, we did not include more than 30 balls due to the restriction dictated by the volume 
of the jar and the difficulty of separation of the sample and the balls.  
 
Figure 4.1 Effect of ball numbers in the intensity of the formed peaks; comparison between XRD patterns of 
samples #B-1, #B-2 and #B-3, and the simulated XRD pattern of CPM-5 
 
4.3.2 The effect of oscillation parameters 
In the second series of the tests, the number of balls was set to 30 and the oscillation parameters, 
including the frequency and time, were varied. These conditions are summarized in Table 4.1.  
Table 4.1 Specification of the applied method for the MC synthesis of CPM-5; Effect of oscillation frequency and 
time, ball number: 30, Thermal treatment:150oC/3h 
SAMPLE 
Grinding Condition 
Oscil. frequency(Hz) Oscil. time (min) 
#O-1 90 60 
#O-2 90 30 
#O-3 90 15 
#O-4 30 30 
A comparison between XRD patterns of the obtained samples and the simulated XRD pattern 
of CPM-5, which is presented in Figure 4.2, shows that decreasing the frequency or grinding time 
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diminishes the desired peak that appears at 2θ<10°. As demonstrated in previous studies [178], the 
frequency provides the required energy for shaking and grinding of the precursors, and eventually 
the product is crystallized. Decreasing the frequency, either by limiting the time or oscillation, 
hinders the precursors from reacting due to the lack of activation energy in the reaction medium. 
This eventuates to losing the main peak at around 2θ=8.4°, which is one of the characteristic peaks 
of CPM-5. 
 
Figure 4.2 Effect of ball numbers in the intensity of the formed peaks in the resulted samples; comparison 
between XRDs of samples #O-1, #O-2, #O-3, and #O-4, and the simulated XRD pattern of CPM-5 
 
4.3.3 Effect of thermal condition  
In all of the previously mentioned tests, the resulting products following grinding were 
subjected to thermal conditioning at 150°C for three hours. To study the effect of thermal treatment 
on transforming the precursors towards CPM-5 formation, five different post-synthesis treatments 
were tested. The products were characterized using XRD technique. The experimental conditions 
are presented in Table 4.2. 
 















Simulated PXRD pattern of CPM-5
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Table 4.2 Specification of the applied method for the MC synthesis of CPM-5; Effect of thermal condition; 
Oscillation frequency: 90 Hz, oscillation time: 30 min, ball number: 30 
SAMPLE* Ball Number 
Thermal Condition 
Temperature  (oC) Time (h) 
#T-As 30 N/A N/A 
#T-3h 30 20 3 
#T-15h 30 50 15 
#T-Fin 30 50/150 15/1 
#T-* 30 150 2 
*Sample #T-As: As synthesized, just after grinding; #T-3hr: Sample was kept at 20ºC (ambient 
temperature) for 3hr; #T-15hr: Sample was heat treated at 50ºC for 15hr;  #T-Fin: The previous sample 
(Sample#T-15hr) was heat treated again at 150ºC for 1h; #T-*: Sample was heat treated at 150ºC for 
2h directly after grinding. 
 
 
XRD patterns of the prepared samples are also compared with the XRD pattern of the pure 
precursors (i.e.  Indium (III) nitrate hydrate and trimesic acid) in Figure 4.3. 
 
Figure 4.3 Effect of thermal condition in change phase of precursors; comparison between XRDs of formed 
samples in 5 different stages: Samples #T-As, #T-3hr, #T-15h #T-Fin, and #T-*, and precursors: (In(NO3)3.xH2O, 
and trimesic acid) 
 
The XRD patterns reveal that the structures of In(NO3)3.xH2O, and trimesic acid are 
demolished during the course of grinding. However, no evidence of formation of CPM-5 is 
observed in the first three samples, in which the applied temperature was either roughly 20°C 
(Sample #T-As & #T-3h) or 50°C (sample #T-15h). Applying a temperature of 150°C for samples 




















#T-15h and #T-* initiates the formation of desired peaks. Nevertheless, even after two hours of 
heat treatment, CPM-5 characteristic peaks were not fully developed and the main peak at 2θ=8.4° 
is not noticeable. It can be postulated that grinding initiates the reaction; yet, a thermal treatment 
for at least three hours (the same as described in the previous tests) is required to reach the CPM-
5 phase with proper crystallinity 
4.3.4 Effect of washing  
In order to remove un-reacted precursors from the synthesized CPM-5 products, different 
solvents were used to study the effect of washing as a post-synthesis treatment. The samples were 
washed with 10 mL of a specified solvent (i.e. de-ionized water (DW), dimethylformamide (DMF) 
and mixture of these solvents). In order to do so, samples were filtered following a dispersion in 
the solvent lasting five minutes using an ultrasonic bath. In the next step, 10 mL of fresh solvent 
was added to the filtered sample and mixed thoroughly. The mixture was then centrifuged for 15 
min at 20,000 rpm. The washing procedure was repeated three times. Before characterization, the 
sample was dried in an oven at 100°C overnight and then at 150°C for three hours. The 
specifications of the experiments and the description of solvents are summarized in Table 4.3. 
Table 4.3 Specification of the method applied for the MC synthesis of CPM-5; Effect of washing with different 
solvents; Oscillation frequency: 90 Hz, , Thermal treatment:150oC/3h 
SAMPLE Ball Number Oscil. time (min) 
Solvent Properties 
Solvent Ratio 
#W-1 20 60 DMF --- 
#W-2 30 60 DW --- 
#W-3 30 15 DMF-DW 1:1 
#W-4 30 30 DMF-DW 1:1 
 
XRD patterns of the washed samples are compared with the simulated XRD pattern of CPM-
5 in Figure 4.4. Broader peaks at different intensities of the synthesized samples in comparison to 
the simulated pattern can be related either to the different particle sizes under the employed method 




Figure 4.4 Comparison between XRDs of washed samples #W-1, #W-2, #W-3, #W-4, and the simulated XRD 
pattern of CM-5; Effect of washing treatment with different solvents on the formed CPM-5 
 
According to the experimental data, it can be seen that using pure DMF or distilled water to 
wash the products resulted in either the disappearance or decrease of the intensity of main peaks 
at 2θ between 8.4° and 10.9° and in the creation of some amorphous phase. On the other hand, a 
mixture of DMF and distilled water with the ratio of 1:1 as a solvent resulted in more or less the 
same situation for both #W-3 and #W-4 samples. However, for the #W-4 sample, in which the 
oscillation time was twofold compared to #W-3, the formed peaks are more intense and bold which 
indicates a CPM-5 product with higher crystallinity. Results also show a good agreement between 
the XRD pattern for sample #W-4 and the hydrothermally synthesized sample by Zheng et al [146]. 
4.3.5 Further characteristic analysis 
Specific surface areas of a typical CPM-5 sample, before and after washing treatment, 
measured using the BET technique are summarized in Table 4.4. From this data, it can be seen that 
washed samples show a roughly six-fold increase in the BET and Langmuir surface area. This 
increase in the surface area can be ascribed to the removal of unreacted precursors from the surface 
and pores of the CPM-5 by washing the samples. It is noteworthy that the resulting surface area of 















Simulated PXRD pattern of CPM-5
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the produced CPM-5 is still lower than that of the CPM-5 samples prepared via other methods 
[129]. XRD and SEM results for the MW-synthesized CPM-5 can be also found in section 5.3.1.  
Table 4.4 The BET/ Langmuir surface area of the synthesized CPM-5 before and after washing 
SAMPLE BET Surface Area (m²/g) Langmuir Surface Area (m²/g) 
Before Washing 15.4 21.4 
After Washing 79.9 112.1 
 
The SEM micrographs of a typical MC synthesized CPM-5 are illustrated in Figure 4.5. A 
comparison between the formed crystals using the MC method and other methods [129] shows an 
asymmetric morphology and different sizes of the crystals. While the structure of the formed 
crystallites by the solvothermal method is cubic [129], such a structure was not distinguished in 
samples made via MC method. Indeed, the diversity in the morphology and/or the size of the 
crystals by changing the synthesis technique (e.g. using microwave or ultrasound instead of 
solvothermal method) has been reported [129], [144]. The different morphology of the MC-
synthesized sample might be explained as a result of the applied mechanical stress during the 
course of grinding in the MC method. During the rapid shaking of the precursors, local 
heating/melting may deform or dislocate the crystal lattice or agglomerate the crystals [186].  
 
Figure 4.5 The SEM micrographs of crystallized CPM-5 synthesized by MC method: Sample #W-4 
 
Thermal curve of the MC-synthesized sample (CPM-5, MC) obtained by thermogravimetric 
analysis (TGA) technique is shown in Figure 4.6. The result is compared with a CPM-5 reference 
sample that was synthesized by means of the microwave method (CPM-5, MW) [129]. According 
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to the TGA curves, the overall trend of weight loss for both samples is the same. The lower amount 
of weight loss of CPM-5 of the MC sample compared to the MW sample is attributed to the disuse 
of solvent in the MC technique. The first derivative curve of the MC sample also reveals three 
distinguished weight losses at roughly 100°C, 270°C, and 480°C. The first and second stages are 
related to the loss of roughly 25% of the weight due to the evaporation of the trapped H2O and 
DMF molecules inside the porous structure of CPM-5. The weight loss at 480°C corresponds to 
around 42% due to the decomposition of the CPM-5 structure. 
 
Figure 4.6 Comparing the TGA curves of the CPM-5 samples prepared by MC and MW methods 
 
4.4 Conclusion 
In this study, a mechanochemical (MC) synthesis of CPM-5 was developed using a mixer mill; 
the effects of different parameters on the synthesized products including grinding conditions, 
thermal treatment, as well as washing with different solvents were studied. Successful formation 
of the CPM-5 structure was ascertained under the following reaction condition: oscillation 
frequency of 90Hz in 30 min followed by three hours of heat treatment at 150°C and washing with 
a 1:1 (DMF: DW) as the solvent. The TGA analysis showed that the thermal stability was similar 
to the CPM-5 synthesized by the microwave energy. However, the SEM micrographs showed the 



















































CPM-5, MC CPM-5, MW The first derivative curve of CPM-5, MC
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5 was lower than the CPM-5 synthesized by the microwave method. This indicates the necessity 
of further studies to understand the exact effect of ball milling on the morphology of the product, 





5. A Comparative Study on Metal Organic Frameworks 
for Indoor Environment Application: Adsorption 
Evaluation 
 
Connecting statement  
In Chapter 3, a new mechanochemical method was successfully developed for the synthesis of 
CPM-5. However, the surface area of the obtained sample was lower than the CPM-5 synthesized 
by other reported methods. Due to the critical role of the surface area in the adsorption and catalytic 
reactions, in the present chapter other methods were used to prepare the target MOFs. 
Chapter 4 reports the results of a study in which three MOFs, MIL-101, MIL-53 and CPM-5 
were synthesized and characterized. Selection of these MOFs was based on a comprehensive 
literature review on several different MOFs and considering their structure and stability, as it has 
been described in part 2.2. Preparation of these MOFs was performed using solvothermal and 
microwave methods. These methods are selected based on those reported in other studies, with 
some minor modifications. Properties of the obtained samples were tested by means of different 
characterization methods including X-ray diffraction (XRD), Scanning electron microscopy 
(SEM), thermogravimetric analysis (TGA), Dynamic Vapor sorption (DVS), and BET surface area 
analyzer. Adsorption isotherms and breakthrough behaviors of these MOFs were studied for two 
volatile organic compounds: toluene and isobutanol. The effect of the presence of 0% and 30% 
relative humidity on the adsorption capacity of one (1) ppm toluene and isobutanol on each MOF 
was investigated. The feasibility of the regeneration of these MOFs was also investigated.  
The outcome of this research is in press in “Chemical Engineering Journal” (Bahri, M., 





Volatile organic compounds (VOCs) are a group of biogenic and/or anthropogenic compounds 
that are emitted from several sources in indoor environment [187], [188]. The negative effect of 
these compounds is proven for various health problems [9], [10], [189]. To eliminate VOCs from 
indoor environment, different physical and chemical methods have been developed. For instance, 
adsorption is a physical phenomenon in which the removal of VOCs is performed in the presence 
of an appropriate adsorbent like activated carbon (AC) and zeolites [6], [14], [190], [191]. 
Photocatalytic oxidation (PCO) and non-thermal plasma (NTP) methods, on the other hand, are 
two proposed chemical methods for the removal of VOCs from indoor air environment [22], [192].  
Although the ability of VOCs degradation using chemical techniques provides many 
advantages compared to adsorption, the application of chemical techniques alone in indoor 
environment is not cost effective due to very low concentration of VOCs [29]. Therefore, 
developing reactive adsorption processes has become a new approach to improve VOCs removal 
efficiency of air purification systems [30]. In a reactive adsorption process, a combination of 
chemical reactions coupled with the adsorption process is performed simultaneously, in a single 
unit operation [29], [193]. Utilizing such an adsorber-reactor is not only favorable from an 
economic point of view, but it is also advantageous due to higher removal efficiency of the reactor 
[29]. 
When a reactive adsorption process is considered for indoor air treatment, selecting an 
appropriate dual functional adsorbent/catalyst (DFA/C) becomes a challenge. This is because the 
employed DFA/C should not only possess high oxidation capability, but it should also have a high 
adsorption capacity. Furthermore, due to the presence of humidity in the indoor environment and 
the competition between VOCs and water molecules for adsorption on DFA/C, hydrophobicity of 
the media is a crucial factor, especially at very low levels of VOCs (ppb range) [160]. Another 
important aspect in selecting an appropriate DFA/C is the ability to regenerate the DFA/C after 
being saturated with adsorbate. Therefore, sorption of VOCs should be physisorption rather than 
chemisorption.  Surface area, pore size and availability of pores are other determining factors in 
adsorbent efficiency [194]. Due to the structural and chemical diversities of VOCs, finding a 




Hydrophobic zeolites are highly crystalline materials with extremely uniform frameworks 
[195], [196]. These properties, along with their stable structure in the presence of humidity, make 
zeolites excellent DFA/Cs. However, the hardly tunable and relatively small size of zeolite 
micropores (≤ 2 nm) inhibit their application for removal of large size VOCs [121]. 
Metal organic frameworks (MOFs), on the other hand, are a new class of porous materials with 
large pore volume and uniform structures [34], [35]. These materials possess a diverse structure, 
high to extra high porosity and surface area, tunable pore size, and very low density of framework 
[132], [153]. The flexible framework of these porous materials causes some unusual patterns in 
their adsorption isotherms for small inorganic molecules (i.e., H2O, N2, O2, Ar, CO2, CH4), as well 
as larger organic compounds (i.e., ethylene oxide, acetonitrile, benzene, xylene isomers, 
tetrahydrothiophene, cyclohexane and thiophene etc.) [122], [125].  Furthermore, high adsorption 
capacity, fast kinetics and high reversibility of MOFs suggest that these materials can be applied 
as DFA/Cs in a reactive adsorption process [197]. Thus far, the application of MOFs has been 
studied in many areas including catalysis, ion exchange, gas storage, molecular sieves, size-
selective separation, etc. [127], [128], [198], [199]. Several studies have also reported adsorption 
of some VOCs on MOFs [35], [36], [200], [201]. However, very few have discussed the effect of 
relative humidity (RH) on the adsorption behavior of MOFs, especially in the presence of low 
VOCs concentrations [202]–[205]. Thus, further research is required in this area. 
In this study three MOFs, a chromium (Cr) based MIL-101 (MIL: Materials of Institute 
Lavoisier), an iron (Fe) based MIL-53 and an indium (In) based CPM-5 (CPM: Crystalline Porous 
Material), are selected. CPM-5, with chemical formula of [(CH3)2NH2][In3O(BTC)2(H2O)3]2-
[In3(BTC)4].7DMF.23H2O, is a crystalline porous material with a highly symmetric framework. 
This framework consists of In3O metal centers which are connected together by means of 1,3,5-
benzenetricaboxylate (BTC) linkers [146]. The average pore size of this microporous material is 
estimated to be around 4.9 Å [146]. CPM-5 is thermally, hydrothermally and photochemically 
stable. Different studies have demonstrated high adsorption capacity of CO2 on CPM-5 [141]. Yet, 
to the authors’ best knowledge, no study has been reported on the removal of organic compounds 
on CPM-5.  
MIL-53 [MIII(OH).(O2C–C6H4–CO2).H2O] consists of trivalent cations, M= Cr3+, Fe3+ or Al3+, 
which are cross-linked by means of benzene dicarboxylic acid (terphthalic acid). This microporous 
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material possesses one-dimensional pore channels in the range of ∼8 Å [206]. The highly flexible 
structure of MIL-53 allows for a transition in its structural phase, upon the adsorption/desorption 
of guest molecules [147], [148]. The change in the flexible geometry of MIL-53 family during the 
swelling of organic molecules is reported to be between 50 to 230% [206], [207]. MIL-53 shows 
a thermal stability up to 500°C and its application is studied in liquid-liquid separation, gas 
sorption, and drug delivery [135], [206].  
MIL-101, Cr3F(H2O)2O[(O2C)–C6H4–(CO2)]3·nH2O, is a mesoporous chromium 
terephthalate-based MOF with cubic structure, huge porosity, and exceptionally high specific 
surface area [35]. Its Langmuir surface area can reach up to 5900 m2/g [149], which is the highest 
reported surface area for porous materials. MIL-101 possesses micropores in the size of 8.6 Å, as 
well as mesoporous cages of about 29 and 36 Å [34], [131], [200]. Its structure is stable in the 
presence of organic solvents, water, and high temperatures [201], [203]. MIL-101 exhibits a much 
higher capacity than conventional adsorbents including AC and zeolites for adsorption of VOCs 
such as benzene, n-hexane, toluene, methanol, butanone, dichloromethane and n-butylamine  
[150], [151], [208].  
This paper first describes methods used to synthesize three above-mentioned MOFs and their 
characterization using different analytical techniques. Then it presents the adsorption isotherms 
and breakthrough behaviors of these MOFs when they are challenged with one ppm of a non-polar 
compound (toluene) and a polar compound (isobutanol). The paper also reports the adsorption 
behaviors of MOFs when they are exposed to a mixture of the targeted VOC and humid air. 
 
5.2 Experimental 
5.2.1 Synthesis and Preparation of Materials 
The synthesis method for MIL-101, MIL-53 and CPM-5 was based on previously reported 
methods [129], [144], [150], [151], with some minor modifications. The properties of precursors 
and solvents used for the preparation of these MOFs are summarized in Table 5.1.  
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Table 5.1 Properties of chemical compounds used to synthesize the MOFs 
MOF Precursors Formula Supplier Properties 
MIL-101 
Chromic nitrate nonahydrate Cr(NO3)3, 9H2O Caledon 
≥ 98% 
Mw: 400.14 g/mol 
Benzene-1,4 dicarboxylic acid 
(H2BDC) 
C8H6O4 Alfa Aesar 
≥ 98% 
Mw: 166.13 g/mol 





Ethanol C2H6O Sigma Aldrich 
>99.9% 
Mw: 46.07 g/mol 
Distilled water (DW) H2O   
MIL-53 
Ferric chloride (III) hexahyd 
rate 
FeCl3, 6H2O Caledon, 
97-102%, 
Mw: 270.3g/mol 
Benzene-1,4 dicarboxylic acid 
(H2BDC) 
C8H6O4 Alfa Aesar 
>=98% 
Mw: 166.13g/mol 
N,N- dimethylformamide (DMF)  C3H7NO Caledone 
≥ 99.8%,  
Mw: 73.09g/mol 
Distilled water (DW) H2O   
CPM-5 






N,N-dimethylformamide (DMF) C3H7NO Caledone 
≥ 99.8%,  
Mw: 73.09g/mol 
Distilled water (DW) H2O   
 
In most studies, the network of MIL-101 is formed in the presence of  hydrofluoric acid (HF) 
[149]. However, to avoid the safety hazards of working with hydrofluoric acid, recently, 
researchers are focused on developing HF-free methods. Efforts were made to use a method that 
not only eliminates HF consumption, but also to reduce the presence of other hazardous solvents 
during the synthesis and treatment steps. The selected HF free synthesis procedure in this study 
was a solvothermal method, developed according to the earlier studies [150], [151].  
The required precursors consisted of chromic nitrate nonahydrate (Cr(NO3)3, 9H2O), benzene-
1,4 dicarboxylic acid (H2BDC), and distilled water (DW). These compounds were added together 
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according to the ratio suggested by Bromberg [150], and mixed in an ultrasonic bath for 10 min. 
The acquired mixture was placed in a 25 mL Teflon-lined par bomb. The reactor then underwent 
a thermal treatment in the oven at 218°C for 18 hours. After cooling, the sample was washed to 
separate the green crystals from unreacted white terephthalic acid crystals. The washing procedure 
was performed three times with dimethylformamide (DMF). After each step, the process of 
separating the sample from DMF was carried out by means of a centrifuge at 20,000 rpm for 15 
min. The sample was then dispersed in ethanol using an ultrasonic bath, for one hour. After 
sonication and separation of the sample, the whole washing procedure (DMF washing, ethanol 
dispersion, separation) was repeated three times.  
  The synthesis of MIL-53 followed Gordon and his colleagues’ technique [144], according to 
a microwave (MW) method. Ferric Chloride (III) hexahydrate (FeCl3. 6H2O), benzene-1,4 
dicarboxylic acid (H2BDC), and N,N- dimethylformamide (DMF) were used as precursors. These 
materials were added and mixed by means of an electromagnetic mixer to completely dissolve the 
solid precursors in DMF as solvent. The acquired mixture was then poured in a 40 ml pressurized 
glass tube and placed in a microwave (CEM Focused Microwave™ Synthesis System, Model 
Discover) at the temperature and power of 150°C and 300 watt, respectively. The 30 min synthesis 
time was followed by 20 min of cooling. The formed sediment was then washed three times with 
DMF followed by separation by centrifugation at 20,000 rpm for 20 min.  
Preparation of CPM-5 was also a MW method based on the study of Sabouni and her 
colleagues [129]. Indium (III) nitrate hydrate (In(NO3)3, xH2O), 1,3,5-benzenetricarboxylic acid 
(BTC), N,N- dimethylformamide (DMF), and distilled water (DW) were added as precursors and 
stirred with a magnetic stirrer for 10 min. The solution was then put in the microwave, for 10 min 
at 150°C and 300 watt power. The cooling time of the MW was 20 min. After reaching ambient 
temperature, the solvent was decanted and the obtained sample was washed with a 1:1 solution of 
DW and DMF. The washing process was repeated three times and after each step, the separation 
of the solution and sample was done using a centrifuge at 20,000 rpm for 20 min.  
All three samples (MIL-101, MIL-53, and CPM-5) were dried at 100°C overnight, following 
by a three-hour heating treatment at 150°C. The thermal operation was performed in an oven (DKN 
400, Yamato Scientific America, Inc., Santa Clara, CA).  
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5.2.2 Materials characterization   
A Rigaku-MiniFlex XRD model (Japan), using CuKa (k for Ka=1.54059 Å), was used to 
collect X-ray diffraction (XRD) pattern of the synthesized samples. Analysis was performed in the 
ranges of 5<θ<40° with a step of 0.04°. The micrographs of the synthesized samples were also 
obtained using a scanning electron microscopy (SEM) instrument (Joel instrument, JSM 600F 
model, Japan) operating at an acceleration voltage of 5 keV. 
The surface characteristics of samples were measured by means of a Brunauer-Emmett-Teller 
(BET) Surface Area Analyzer (Micrometircs ASAP 2010 BET, USA). For this purpose, each 
sample was first degassed under the vacuum (10–5 Torr) at 150°C, and then the specific surface 
area was measured according to nitrogen adsorption/desorption isotherms at 77.35 K.  
A thermo-gravimetrical analyzer (TGA, Mettler Toledo, 851e model, Switzerland), with Stare 
software version 6.1, was used for thermal analysis of samples before adsorption and after 
saturation of each sample with toluene.  The analysis was performed in the range of 25-700°C at 
a heating rate of 10°C/min in a 70µl alumina crucible.  
5.2.3 Apparatus and method 
The schematic diagram of the adsorption set-up is illustrated in Figure 5.1. Compressed air 
passes through a pressure regulator to adjust the pressure. The air flow rate is controlled by means 
of a mass flow controller. The target compound is injected into the system at a constant rate via an 
injection pump (KD Scientific, Model KDS-210, made in USA). Polluted air containing the target 
VOC passes through the adsorbent in the reactor. The micro reactor, enlarged in the right panel of 
Figure 5.1, is a packed bed reactor, which consists of a quartz tube (ID: 10mm; OD: 12 mm; L: 
250mm). The VOC concentrations at the upstream and downstream of the reactor are measured 
using a PID detector (ppb3000 RAE, Made in USA). The desired relative humidity is provided 
using a bottle of distilled water, which is placed at the upstream. The relative humidity is controlled 
by means of an ETS electro-tech systems humidity controller (Model 514, Made in USA). This 
system has the capability of providing a fast response with an accuracy of ±2% R.H. from 0-90% 
RH. It is noteworthy that since the presence of humidity could affect the reading of PID detector, 





Figure 5.1 Schematic diagram of the adsorption apparatus 
 
Toluene and isobutanol were selected as target VOCs in this study. Both of these compounds 
are commonly found in indoor environment. The properties of these compounds are summarized 
in Table 5.2. Experiments were performed to develop breakthrough curves for toluene at one ppm 
concentration on three MOFs at two different levels of relative humidity of 0% and 30%. Similar 
experiments were conducted at one ppm concentration of isobutanol as well. Each experiment was 
continued till the adsorbent was completely saturated with the target VOC at 23°C. The 
experimental parameters of the adsorption are listed in Table 5.3.  
To prepare the adsorbents for each experiment, a hydraulic press (Carver, Model C12 Ton 
Benchtop, Laboratory Press), was first used to form thin pellets with an approximate thickness of 
0.5 mm. These pellets were then crashed and sieved to the size of 35 to 60 meshes (250 to 500 
μm). Prior to any test, all samples were heated at 150°C for two hours to remove any potential 
adsorbed water vapor molecules from the air. For each experiment, 0.2 g of MOF was placed into 
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the micro reactor on the top of fiberglass, as an adsorbent holder. The residence time for this 










  (5.1) 
The calculated residence time for different media varies between ~ 0.06 to 0.09 s.  
  
Table 5.2 Some physicochemical properties of the selected VOCs 





















Alcohol C4H10O 74.12 80.2 Polar 5.4 1.79 
 










Toluene 1 600±2% 23±1 0 and 30%±1 
Isobutanol 1 600±2% 23±1 0 and 30%±1 
 
Evaluating dynamic sorption isotherms of toluene and isobutanol on MOFs was performed by 
means of a dynamic vapor sorption system (DVS-Advantage, Surface Measurement Systems Ltd. 
UK) using a DVS Advanced Analysis Suite software. For each test, approximately 10 mg (±0.1μg) 
of MOF sample was exposed to the target VOC vapor in the DVS system. A two-hour pre-heating 
of the sample was performed before starting the sorption test. To determine the pore characteristics 
of adsorbents, sorption-desorption cycles were carried out by monitoring the percentage change in 
the reference mass of the sample versus the increase in the P/P0 ratio of target VOC. Furthermore, 
N2 sorption-desorption evaluation of MOFs was also conducted via the same BET surface area 
analyzer which was used for the sample characterization (Micrometircs ASAP 2010 BET, USA). 
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In this study, a one-cycle isobutanol sorption-desorption experiment was performed for MIL-
101, MIL-53 and CPM-5 at a time-step of two hours. A waiting time of 48 hours between the half-
cycles was applied to ensure that the system reaches the equilibrium. In addition, a two-cycle 
toluene sorption-desorption, at a time-step of two hours and a two-hour of waiting between the 
half cycles, was performed to study the general sorption-desorption trend of the targeted MOFs. 
All experiments were performed at 23±1ºC and the relative pressure was changed within the range 
of 0<P/P0< 95%. 
5.2.4 Efficiency Evaluation 
The sorbent saturation capacity (Cs; mg(VOC)/
g
(s); %) is the total mass of the adsorbed VOC per 






× 100    (5.2) 
where Cup(t) and Cdown(t) are the target VOC concentrations (mg m
-3) measured at the upstream 
and downstream of the reactor, respectively. Q is the volumetric airflow rate (m3min-1), Ms is the 
total mass of sorbent (mg), and ts (min) is the time required to reach 100% breakthrough.   
 
5.3 Result and Discussion  
5.3.1 MOF Characterization  
The XRD patterns of CPM-5, MIL-53, and MIL-101 are illustrated in Figure 5.2. The peaks 
for all samples are in good agreement with those reported in previous studies [52–54]. The sharp 
intensities of diffraction peaks also demonstrate good crystallinity of synthesized MIL-101, MIL-






Figure 5.2  XRD patterns of MIL-53, CPM-5, and MIL-101 
 
Figure 5.3 illustrates the SEM images of crystallized CPM-5, MIL-53 and MIL-101. According 
to the SEM pictures, MIL-53 sample contains two different morphologies: the large sized prism 
with rectangular base crystals of smaller than 50 µm and the small sized hexagonal bipyramidal 
crystals of approximately 10 μm. These morphologies are almost in accordance to the ones 




Figure 5.3 SEM images of fully crystallized synthesized particles; MIL-53 (up) scale: 10 µm, CPM-5 (middle), scale: 
5 µm; MIL-101 (down), scale: 3 µm 
 
CPM-5 pictures also show a homogeneous morphology with crystals in the size of 
approximately 500 nm. This morphology is comparable with that of reported earlier [129]. Also, 
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SEM results of MIL-101 in Figure 5.3 illustrate an almost uniform morphology of crystallites with 
particle size of around 100 nm, which was also reported by Wee et al. [210]. 
Table 5.4 summarizes the pore structure specifications of the synthesized CPM-5, MIL-53, and 
MIL-101. According to Table 5.4 the specific surface area of MIL-101 is significantly higher than 
MIL-53 and CPM-5. The structure parameters are comparable with those in other studies [139], 
[144], [148], [209].  
 
















MIL-53 951 1275 606 345 0.279 
MIL-101 2728 3747 780 1948 0.289 
CPM-5 1140 1560 656 484 0.284 
* SSA: Specific surface area 
a All data  are determined from nitrogen adsorption isotherms (t-plot). 
 
5.3.2 Adsorption isotherms 
N2 adsorption isotherms for CPM-5, MIL-53, and MIL-101 at 77 K and relative pressure of 
0<P/P0<1 obtained by BET analyzer are illustrated in Figure 5.4. This figure shows a much higher 
N2 adsorption capacity of MIL-101 in both low and high pressures. A comparison between MIL-
53 and CPM-5, also shows that the N2 adsorption capacity of CPM-5 at low pressures (~P/P0<0.10) 
is slightly higher than that of MIL-53. However, this amount for MIL-53 surpasses at higher 
pressures (~P/P0>0.80).  
According to Figure 5.4, in CPM-5 sample, adsorption rises steeply by a small increase in the 
adsorbate pressure and is followed by a plateau at higher pressures. This trend is in accordance 
with Type I isotherm based on Brunauer, Deming, Deming, and Teller (BDDT) isotherm theory 
[211]. Type I isotherm, follows the Langmuir isotherm pattern, which signifies monolayer 





Figure 5.4 N2 adsorption isotherms of CPM-5, MIL-53 and MIL-101. Data obtained by a BET Analyzer 
 
For MIL-101, as seen in Figure 5.4, a fast increase in the adsorption before P/P0 < 0.20 is 
followed by a plateau. The curve then continues by another sharp increase in adsorption for the 
relative pressure of more than ~ P/P0 ≥ 0.90. The first increase is due to the monolayer adsorption 
in micropores of MIL-101, with a diameter of 8.6 Å. The second increase takes place in 29 Å and 
36 Å mesopores [150], [200]. Here, the adsorption isotherms follow Type II or IV isotherms based 
on BDDT classification [211]. This type of isotherm is an evidence of capillary condensation 
during the multilayer adsorption that appears in a mesoporous material [212]–[214].  
Although MIL-53 is a microporous material, the isotherm behavior of this Fe based MIL-53 
follows Type II according to BDDT classification (see Figure 5.4). Nevertheless, previous studies 
have shown a different adsorption behavior for chromium (Cr) and aluminum (Al) based MIL-53. 
For instance, N2 adsorption isotherm of Cr based MIL-53 has shown a type I adsorption–desorption 
isotherm, demonstrating its microporous characteristic [215].  
As previously mentioned, MIL-53 has a flexible structure with the ability of shrinking or 
expansion in its framework upon host-guest interactions [135], [147]. The framework transition, 



































altered in MIL-53[216]. While the Cr and Al based MIL-53 reveal micropore characteristics even 
in their anhydrous forms, Fe based MIL-53 displays closed pores which are not accessible for most 
gases, when it is anhydrous [216]. It can be postulated that the second steep increase in the 
adsorption curve of MIL-53 (Fe), stems from the opening of a part of the closed micropores in 
P/P0 ≥ 0.90 due to an increase in N2 concentration.  
The adsorption isotherms of isobutanol on MIL-101, MIL-53 and CPM-5 at 23°C and relative 
pressure between 0 < P/P0 < 95% are illustrated in Figure 5.5. An isobutanol adsorption capacity 
for MIL-101 is observed to be approximately four times higher than MIL-53 and CPM-5. 
According to Figure 5.5, CPM-5 demonstrates Type I isotherm behavior, based on BDDT 
isotherm theory. The increase in the mass of CPM-5 reaches around 27% at 95% relative pressure. 
Also, hysteresis appears at relative pressures less than 10%, and the curve does not return to zero. 
This gap between the adsorption-desorption curves in the first cycle is due to the trapped vapor, 
which is a characteristic of microporous materials.  
As previously mentioned, anhydrous MIL-53 (Fe) possess inaccessible pores that are reopened 
when MIL-53 is exposed to an organic molecule [216]. The maximum adsorption capacity of MIL-
53 reaches roughly 34% at 95% relative pressure. The increase in the adsorbed amount, however, 
continues due to the increase in the pressure, demonstrating an expansion in the structure upon 
exposure to isobutanol.  
In the case of MIL-101, while the general adsorption trend is expected to follow Type II or IV 
isotherms due to its mesoporous structure, a Type I isotherm behavior is observed. Similar findings  
are reported for organic compounds’ adsorption on MIL-101 [201], [217]–[219], where Type I 
isotherms are reported. According to Figure 5.5, in low concentrations (at 0 < P/P0 < 20%), a steep 
increase in adsorbed amount of isobutanol occurs due to the monolayer adsorption of isobutanol 
in both micropores and mesopores. The adsorption capacity then slowly increases by an increase 
in the relative pressure up to 95%, which demonstrates the multilayer adsorption in mesopores; 
however, there is no evidence of another sharp increase in this curve at high pressure to indicate a 




Figure 5.5 Dynamic adsorption-desorption isotherms of isobutanol over CPM-5, MIL-53, and MIL-101. Results are 
obtained by DVS, one (1) cycle, and step size: 2h. 48 hours of wait is applied before desorption to reach 
equilibrium. 
 
A study of two consecutive cycles of toluene adsorption-desorption on MIL-101, MIL-53 and 
CPM-5 at 23°C is illustrated in Figure 5.6. Figure 5.6 shows that adsorption isotherms follow Type 
I behavior. Furthermore, desorption curves in the first cycles do not return to zero, which is an 
indication of the existence of micropores in all MOFs. In the second cycle, however, the general 
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interact by weak (electrostatic) forces and are removed as the pressure is reduced [194]. Hence, 
the sorption is a reversible physisorption, also known as van der waals adsorption, and the removal 
efficiency reaches almost 100%.  
 
Figure 5.6 Dynamic adsorption-desorption isotherms of isobutanol over CPM-5, MIL-53, and MIL-101; results are 
obtained by DVS; 2 cycles, step size: 2h, and 2h of wait after each adsorption. 
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5.3.3 Breakthrough curves and influence of relative humidity on 
adsorption capacity 
Figures 5.7 and 5.8 show the adsorption breakthrough curves of one ppm toluene and 
isobutanol over CPM-5, MIL-53 and MIL-101 in dry air. C/C0 shows the ratio of the VOC 
concentration at the reactor upstream and downstream.  
 
Figure 5.7 Adsorption breakthrough curves of isobutanol over MIL-101, MIL-53 and CPM-5 in dry air 
 
Figure 5.8 Adsorption breakthrough curves of toluene over MIL-101, MIL-53 and CPM-5 in dry air 
 
Results show that the adsorption capacity of both toluene and isobutanol on MIL-101is 
superior to the adsorption capacities of these compounds on MIL-53 and CPM-5. Adsorption of 
VOC on MOF occurs due to the interaction between the organic linker in the MOF structure and 















































In+3 in CPM-5) act as strong sites for VOC adsorption. In the case of MIL-101, the adsorption 
capacity of both toluene and isobutanol is significantly higher than MIL-53 and CPM-5, as seen 
in Figures 5.7 and 5.8. This is due to the extra-high surface area (see Table 5.4) and large 
mesoporous cavities of MIL-101, which provide high storage capacity for these molecules. Due to 
the fact that toluene is a heavier compound with kinetic diameter larger than isobutanol (see Table 
5.2), toluene adsorption breakthrough curve reaches the equilibrium faster than isobutanol. This 
trend is observed for all three MOFs.  
 
Figure 5.9 Breakthrough behavior of toluene on MIL-101, MIL-53, and CPM-5 in the absence of humidity (dry air) 












































It can be observed from Figures 5.7 and 5.8 that MIL-53 exhibits a higher adsorption capacity 
for both toluene and isobutanol, compared to CPM-5. Since the specific surface area of CPM-5 is 
higher than MIL-53, this parameter is not a determining factor. The result can be linked to the 
breathing phenomenon and reopening of inaccessible pores, when MIL-53 is exposed to an organic 
molecule [216].  
Figures 5.9 and 5.10 show a comparison between breakthrough curves of isobutanol and 
toluene on three MOFs in dry and humid air. Table 5.5 also quantifies the adsorption capacity of 




Figure 5.10 Breakthrough behavior of isobutanol on MIL-101, MIL-53, and CPM-5 in the absence of humidity (dry 












































Table 5.5 shows that the adsorption capacity of MIL-101 is almost three times higher than 
MIL-53 and around five times more than CPM-5 for both isobutanol and toluene. However, the 
relative humidity intensively influences this result. It is clear from Figures 5.9 and 5.10 that the 
presence of humidity has a considerable negative impact on the rate of VOC adsorption on CPM-
5 and MIL-101. This negative effect is however less in the case of MIL-53. While the amount of 
sorption capacity for MIL-53 decreases slightly in the presence of 30% RH, this amount for MIL-
101 and CPM-5, drops to around 20% and 10%, respectively. 
Table 5.5 The maximum sorption capacity of toluene and isobutanol on CPM-5, MIL-53 and MIL-101 in dry air 
(RH=0%) and humid air (RH=30%) calculated according to equation (2) 
Adsorbent 
Cs (mg toluene/gr cat) Cs (mg isobutanol /gr cat) 
RH=0% RH=30% RH=0% RH=30% 
CPM-5 388.5 39.9 569.5 20.4 
MIL-53 730.4 691.8 643.2 444.7 
MIL-101 2115.7 395.1 2060.3 157.5 
 
MOFs are amphiphilic porous materials with both hydrophilic and lipophilic properties. The 
inorganic part of MOFs including unsaturated metal sites and oxygen anions possess hydrophilic 
properties, while the organic linker exhibit the lipophilic properties due to the presence of benzene 
ring as the functional group [202].  Benzene rings increase the electrostatic interaction between 
the adsorbent and the target organic compound, resulting in faster adsorption kinetics [34], [35]. 
However, the sharp decrease in adsorption capacity of targeted VOCs on MOF samples in the 
presence of relative humidity proves that bonds formed between water molecules and the MOFs 
are stronger than those formed between VOCs and MOFs. The competitive adsorption behavior of 
water and VOCs on MIL-101 surface has also reported by Xian and his colleagues [202]. It is 
explained that when adsorption takes place in the presence of relative humidity, Cr+3 metal sites 
favorably adsorb polar molecules of H2O rather than VOCs. These H2O molecules can form 
clusters on the surface of the solid and prevent VOC molecules to reach the active sites; this results 
in a sharp decrease in the adsorption capacity of MIL-101 in the presence of relative humidity. The 
same phenomenon can be seen in the adsorption behavior of toluene and isobutanol on CPM-5, in 
the presence of relative humidity. 
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On the other hand, in the case of MIL-53, the presence of H2O molecules causes interactions 
between hydrogens in H2O and oxygens in carboxylate and hydroxo group and deformation of the 
structure [148]. While a part of the pores are filled with H2O molecules in the hydrated form of 
MIL-53 (Fe), the flexible framework of this MOF allows more expansion of its structure and 
adsorption of VOCs in those pores which are still closed and empty [216]. Therefore, the 
adsorption capacity of MIL-53 even in the presence of relative humidity is subject to change less 
than those of MIL-101 and CPM-5.  
5.3.4 Thermo-gravimetrical analysis (TGA) characterization 
TGA results of the synthesized samples is illustrated in Figure 5.11. The curves reveal different 
stages of weight loss as the temperature is increased. The first and second weight losses in all 
samples attribute to evaporation of the trapped solvents -water and DMF molecules- from the 
structure of MOFs. These weight losses occur between about 70 to 260°C. The following sharp 
weight loss corresponds to the decomposition of the MOF structure. Results are in good agreement 
with those reported earlier [135], [141], [209].    
A comparison between first derivative curves before and after toluene adsorption reveals that 
structures of CPM-5, MIL-53, and MIL-101 do not show any remarkable change in the peak 
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In this study, three different MOFs including CPM-5, MIL-101, and MIL-53 were synthesized 
successfully. The obtained XRD, BET, SEM, and TGA characteristics of these samples were in 
good agreement with the research work. The adsorption isotherm behaviors of two VOCs, toluene 
and isobutanol, on these MOFs indicated the physisorption process. This result was also confirmed 
by TGA characterization of samples before and after toluene adsorption.  
A comparison between the adsorption capacity of MIL-101, MIL-53, and CPM-5 showed that 
MIL-101 exhibited a much higher capacity for both toluene and isobutanol compared to MIL-53 
and CPM-5. Nevertheless, in the presence of relative humidity, adsorption capacity steeply 
declined for MIL-101 and CPM-5. While in this study, the application of these MOFs is considered 
for removal of VOCs in indoor environment, and due to the inevitable presence of relative 
humidity in such an environment, MIL-53 is the best candidate for this purpose. Utilizing MIL-
101 is applicable only if a dehumidifier can be implemented before this MOF. 







6. Metal Organic Frameworks for Gas-Phase VOCs 




In Chapter 5, three different MOFs, MIL-101, MIL-53, and CPM-5, were synthesized, 
characterized, and the feasibility of their regeneration and also their adsorption behaviors were 
studied in dry and humid air. In Chapter 6, the ultimate objective of this research is addressed. For 
this purpose, the synthesized and characterized samples were used as dual functional 
adsorbent/catalysts in a non-thermal plasma (NTP) catalytic reactor. The adsorption and oxidation 
evaluations of these MOFs for the removal of one (1) ppm toluene and isobutanol were performed 
at both dry and humid air (RH=30%).  
To eliminate the interference of the oxidation performance and the adsorption capacity of 
MOFs, the catalyst was saturated with VOC prior to any plasma-catalytic test. Formation of 
organic by-products and ozone was also studied. The structural characteristics of utilized catalysts 
were studied before and after NTP-catalytic reactions via FTIR spectroscopy to investigate the 
feasibility of the catalyst regeneration after a plasma-oxidation reaction.  
The obtained results of this chapter is reported as a manuscript which is submitted for possible 
publication in “Chemical Engineering Journal”. 
 
6.1 Introduction 
Development of non-thermal plasma (NTP) technology and its remarkable capacity for VOCs 
destruction has opened a new field of study in the area of air treatment [31], [160]. In a NTP 
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process, applying a high electrical voltage results in the formation of reactive species, ions and 
radicals due to the collision of highly energetic electrons with molecules in the air [220], [221]. 
As a result, destruction of pollutants including VOCs happens at ambient temperature [76]. 
However, incomplete oxidation and formation of harmful by-products such as O3, CO, NOx and 
other VOCs are the main disadvantages of this technology [40], [192], [222]. Furthermore, due to 
a high level of energy consumption, utilizing NTP technology is not cost effective, especially when 
this technique is considered for the abatement of low concentration levels of VOCs in indoor 
environment [192], [222]. As a solution, utilizing a catalyst in NTP reactor is proposed [222], 
[223]. 
Implementation of catalyst in a NTP reactor enhances VOCs removal efficiency and decreases 
the by-products formation due to the synergic effect of plasma and catalyst. Despite a reduction in 
the demand of electricity in such a system, energy efficiency is still a concern when the 
concentration of pollutants is very low. In such conditions, utilizing an adsorbent for pre-
concentrating pollutants becomes attractive due to lower energy consumption [194]. Therefore, as 
a new approach, reactive adsorption process was developed [29], [193], [214]. This method 
specifically attracted the interests of researchers for economizing energy consumption in the 
plasma catalyst field [30], [84], [87], [107], [224]. In this method, the VOC removal performance 
is a function of both the adsorption characteristics and oxidation ability of the media, which is used 
as the adsorbent/catalyst [225]. Therefore, selecting an appropriate dual functional 
adsorbent/catalyst (DFA/C) is a crucial aspect if this method is considered for indoor air treatment.  
In addition to oxidation capability, an employed DFA/C should possess high adsorption 
capacity and hydrophobicity especially at low concentration levels of VOCs and in the presence 
of humidity. The higher the capacity of the media for VOCs storage, the greater the amount of 
pollutants that can be adsorbed on its surface. As a result, energy consumption is decreased during 
a reactive adsorption process. Several studies have been conducted on NTP-catalyst in the presence 
of different types of DFA/Cs, including metals and/or metal oxides, which are used as a support for 
porous materials such as activated carbon and zeolites [30], [83], [87], [90], [226], [227]. Due to 
their excellent characteristics, zeolite based media show high removal efficiency for most VOCs. 
However, the relatively small pore sizes of these materials limit the application of zeolites for 
removal of large VOCs [119].  
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Metal organic frameworks (MOFs) as a new class of porous materials exhibit excellent 
specifications, such as exceptionally large surface area, high gas adsorption, substantial storage 
capacity, and extra-high porosity[35], [36], [228], [229]. The uniform crystal size and size 
distribution of MOFs [139], [152] facilitate mass transport phenomena, including adsorption of 
target compounds, diffusion into pores and desorption of the products, and provide a favorable 
condition for catalyzing a reaction [132], [142], [230]. MOFs also have an abundant amount of 
metal content (~20–40 wt%) in the form of metal nods, with free and exchangeable active sites 
[152]. The presence of these metal sites induces heterogeneous catalytic properties in MOFs [154]. 
The above-mentioned specifications of MOFs suggest that these materials can be potential 
candidates as DFA/Cs for the removal of VOCs in a NTP-catalytic reactor. However, the potential 
performance of these materials for the degradation of VOCs has not been yet investigated in any 
plasma catalytic.  
In this study three different MOFs - MIL-101 (MIL: Materials of Institute Lavoisier), MIL-53, 
and CPM-5 (CPM: Crystalline Porous Material) - are used as catalysts in a NTP-catalytic system. 
All of these MOFs have been previously synthesized, characterized, and their VOCs adsorption 
behaviors have been investigated in dry air and in the presence of humidity [231]. In the current 
study, the removal efficiency of these MOFs for the degradation of one (1) ppm of toluene and 
isobutanol in dry air and at 30% relative humidity (RH) is explored. In addition, formation of 
organic by-products and ozone is studied. Finally, the structural characteristics of utilized catalysts 
before and after NTP-catalytic reactions are studied.      
6.2 Experimental 
6.2.1 Experimental set-up and measurement apparatus 
VOC removal efficiency of the selected MOFs is evaluated at a total flow rate of 1 Lmin-1 and 




Figure 6.1 Schematic diagram of the set-up; (A) Compressed air, (B) regulator, (C) control valve, (D) water 
bubbler, (E) mass flow controllers, (F) syringe pump, (G) reactor, (H) adsorption tubes, (I) sampling pump, (J) 
humidity controller, (K) ozone monitor 
 
 In this continuous system, dry air is supplied from a compressed air reservoir (A) and passes 
through a regulator (B) to adjust the pressure. A water bubbler (D) is utilized upstream to provide 
the required relative humidity (RH). The amount of the humidity is adjusted via a control valve 
(C) and the air flow rate is controlled by means of mass flow controllers (Matheson, Model 8274) 
(E). A syringe pump (KD Scientific, Model KDS-210) (F) injects the target VOC at the desired 
rate into the system. Afterward, the air stream containing the target VOC passes through the 
catalyst in the reactor (G). The upstream and downstream samples are collected from the reactor 
in stainless steel adsorption sampling tubes (Supelco Air Toxics, packed with Tenax-TA 49) (H) 
by means of sampling pumps (17G9 GilAir-3 Sampler) (I) in an adjusted flow rate of 50 mLmin-
1. The duration of each sampling is 20 minutes. These samples are analyzed using a gas 
chromatograph/mass spectrometer (GC/MS, Perkin Elmer, Clarus 500) coupled with an automatic 
thermal desorber (ATD, Perkin Elmer, model TurboMatrix 350). The RH is controlled via a 
humidity controller (Electro-Tech Systems (ETS), Model 514) (I) upstream of the reactor. 
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Concentration of the generated O3 is measured with an ozone monitor (Model 202, 2B 
Technologies, An InDevR Company) (K) downstream of the reactor.  
The micro reactor, depicted in Figure 6.2, is a fixed-bed catalytic reactor containing a coaxial 
cylindrical quartz tube (ID: 10.4 mm; OD: 12.8 mm; L: 250 mm), with a centered stainless steel-
316 rod (D: 5mm) as an inner electrode. The resulting discharge gap of the reactor is 2.7 mm. Ten 
(10) centimeter of an aluminum foil is wrapped around the reactor as a ground electrode. The inner 
electrode is connected to a high voltage (HV) supplier which has been explained in details 
elsewhere [192]. Briefly, this HV power supply, illustrated in Figure 6.3, constitutes a function 
signal generator (BK PRECISION, Model 4011A) (B), a wideband AC power amplifier (Model 
AL-600-HF-A, Amp-Line Corp.) (C), and a high voltage transformer box (Model AL-T250-
V25/10K-F50/2K, Amp-Line Corp.) (D). This HV AC power supply provides an adjustable 
voltage and frequency in the range of 0 –30 kVp-p, and 50Hz to 2 kHz, respectively, which is 
applied to the DBD reactor (F). A digital oscilloscope (Tektronix, TBS1052B-EDU, 50MHZ, 
2CHANNEL) (E) monitors the voltage and current signals of the system. A 30 kV high voltage 
probe (Keysight N2771B) (G) measures the delivered voltage to the reactor. In this study, the 
frequency is set to 60 Hz and the applied voltage is 16.8±0.1 kVp-p for isobutanol and 17.6±0.3 
kVp-p for toluene. Selection of the input voltage was based on a series of preliminary tests in order 
to reach the lowest amount of voltage in which a stable discharge along with a minimum amount 




Figure 6.2 The DBD reactor 
 
 
Figure 6.3 Schematic of the high voltage apparatus; (A) AC power, (B) function generator, (C) AC power 




6.2.2 Catalysts and reagents 
MIL-101, MIL-53 and CPM-5 are the three selected MOFs, which are used as DFA/Cs in this 
study. These MOFs have been previously synthesized and characterized [231]. For each test, 0.2 
g of the catalyst is prepared in the size of 35 to 60 meshes (250 to 500 μm). The preparation is 
reported in reference [231]. The catalyst is loaded in the reactor, and placed between two layers of 
fiber glass, which are used as catalyst holders. The residence time on the catalyst zone is calculated 










  (6.1) 
The calculated residence time for different media varies between ~ 0.01 to 0.015 s. Toluene 
and isobutanol are two selected VOCs as target pollutants in this study. Both of these reagents 
were purchased from Fisher Scientific and were of analytical grade with purity higher than 99.9%.   
6.2.3 Catalytic performance evaluation for VOCs adsorption and 
oxidation 
Experiments are performed to determine the adsorption and oxidation efficiency of MIL-101, 
MIL-53 and CPM-5 for the removal of toluene and isobutanol. In the first step, the selected catalyst 
is saturated with one (1) ppm of the target VOC and the adsorption capacity is evaluated in the 
depicted set-up in Figure 6.1 while plasma is off. All tests are carried out at two different 
conditions: dry air (RH=0%), and in the presence of humidity (RH=30%). The adsorption capacity 
(ηb, mmol) and normalized adsorption capacity per area (qs, mmol.m-2) are calculated according 










     (6.3) 
 In these equations, Q (L.min-1) is the air flow rate, ts (min) is the time required to reach the 
defined breakthrough, 24.4 (L.mol-1) is the molar volume of gas at standard temperature (T=298 
K), 1000 is the unit conversion coefficient, m (g) is the weight of the catalyst and finally, SBET 
(m2.g-1) is the BET surface area of the applied catalyst in the reactor. Breakthrough time in this 
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study is when the downstream concentration reaches the same amount as the upstream (100% 
saturation) at ambient temperature (T~21°C).  
The oxidation performance of the pollutant is evaluated for isobutanol and toluene at two levels 
of humidity (RH=0% and 30%). For this purpose, prior to any NTP-catalytic oxidation test, the 
catalyst is saturated with one (1) ppm of the target VOC, while the plasma is off. When the 
downstream concentration of VOC reaches 100% breakthrough, the plasma is applied into the 
reactor. The injection of targeted VOC is continued during the course of experiments. The single 




× 100%   (6.4) 
where, CUp,t and CDown,t are concentrations of target VOC (ppm) at the upstream and 
downstream of the reactor as a function of time. Since prior to any test the catalyst is saturated 
with VOC, equation (4) gives the oxidation performance and the interference of the adsorption 
removal is deducted.  
6.2.4 Catalyst Characterization 
Fourier transform infrared (FTIR) experiment was done using Nicolet 6700 (Thermo 
Scientific, made in USA) in the range of 525-4000 cm-1. Measurements were performed by ATR 
(Attenuated Total Reflectance), using a Smart iTR module. Catalysts were analyzed at three 
different conditions: (a) the fresh catalyst, (b) after 4 days (96 hours) of NTP-catalytic reaction of 
one (1) ppm of isobutanol and 30%RH, and (c) after its regeneration by passing dry air through 
the reactor at ambient temperature for 48 hours. For each catalyst, results of these three cases were 
compared to detect the presence of certain functional groups and to identify any probable change 




6.3 Results and Discussion 
6.3.1 Adsorption capacities of catalysts 
Toluene and isobutanol adsorption capacities of MIL-101, MIL-53 and CPM-5 are determined 
in dry air (RH=0%), as well as in the presence of humidity (RH=30%), see Figure 6.4.  
 
Figure 6.4 Adsorption capacity of toluene and isobutanol over CPM-5, MIL-53 and MIL-101 in: dry air (RH=0%), 
and humid air (RH=30%). 
 
Figure 6.4 shows a high adsorption capacity of VOCs over the examined MOFs in dry air 
conditions. The large adsorption capacity of these MOFs is related to the electrostatic interaction 
























































Figure 6.4 it can also be seen that MIL-101 possesses the highest adsorption capacity of both 
toluene and isobutanol in dry condition. An extra-high surface area of MIL-101, combined with 
the presence of large mesopores in its structure, explain the higher storage capacity of this MOF 
compared to MIL-53 and CPM-5 (Langmuir surface area of MIL-101~ 3750 m2/g, MIL-53~1275 
m2/g, CPM-5: 1560 m2/g) [231].  
Another observation from Figure 6.4 is that the adsorption capacity of MIL-53 is much higher 
for isobutanol and toluene than CPM-5, despite the larger surface area of the latter catalyst. This 
can be due to the expansion of the framework of MIL-53 (as host) upon exposure to an organic 
compound (as guest), which is known as breathing phenomenon [216]. This host-guest interaction 
results in the opening of inaccessible pores in the anhydrate form of the MIL-53 [140], [231], 
[233].  
On the other hand, from Figure 6.4, it is clearly evident that the presence of humidity 
(RH=30%) has a negative impact on the adsorption capacity of all MOFs. The order of adsorption 
capacity in this condition is MIL-53>> MIL-101> CPM-5. The decrease in the adsorption capacity 
results from the formation of water clusters on the surface of the catalyst. This prevents target 
organic molecules from reaching the active sites, including the trivalent metal cation sites (In+3 in 
CPM-5, Cr3+ in MIL-101, and Fe+3 in MIL-53), as well as the benzene rings of organic linkers in 
the structure of the MOF. The result is a sharp decrease in the adsorption capacity of MIL-101 and 
CPM-5. The decrease in the adsorption capacity is, however, much less in the case of MIL-53. 
Although the hydrated form of MIL-53 contains some pores that are filled with water molecules, 
there are still closed pores that can be opened for adsorption of more amounts of VOCs [231].  
6.3.2 VOCs removal efficiency at dry condition 
Using a series of experiments to investigate the removal efficiency of toluene and isobutanol 
over MIL-53, MIL-101 and CPM-5 at dry condition, and comparing it with that of non-thermal 
plasma alone, the selected catalyst is saturated with one (1) ppm of the targeted VOC. The 
experiment is then started by applying the discharge to the reactor. The experiment is performed 
for six hours and the removal efficiency is reported based on the average of 10 samples, which are 
collected in the course of the experiment. Results show 100% removal efficiency (𝜂t (%)) of 
112 
 
isobutanol over all three MOFs. This amount decreases to 56.6% when NTP alone (no catalyst) is 
used in the reactor.  
Figure 6.5 compares the removal efficiency of toluene in the absence of the catalyst (NTP), 
and also over MIL-53, MIL-101 and CPM-5. Results show almost the same amounts of toluene 
removal efficiency for MIL-101 and MIL-53 (~93%), while this amount for CPM-5 is slightly 
lower (89%). Also, regardless of the type of catalysts used, a twofold increase in toluene removal 
efficiency is observed compared to the removal efficiency of NTP alone.  
 
Figure 6.5 Removal efficiency of toluene over MIL-53, MIL-101, CPM-5, and in the absence of catalyst (NTP) 
 
Since the catalyst is saturated by the target VOC prior to each experiment, the reported removal 
efficiencies are purely based on the oxidation capacity rather than the adsorption capacity of these 
VOCs over the MOFs. Therefore, it is concluded that at a dry condition (RH=0%), the selected 
MOFs demonstrate a high removal performance during a NTP-catalytic process. It is notable that 
the performance of the catalyst remained constant for both isobutanol removal and for toluene 
removal during the six-hour test.  
6.3.3 Effect of relative humidity on VOCs removal efficiency 
To investigate the effect of humidity on the removal performance of the catalysts, a series of 
tests were conducted for removal of one (1) ppm target VOC in humid air (RH=30%). Experiments 





















performance of the catalyst is affected during the time. In the case of MIL-53, the duration of the 
experiment was extended to 11 days (264 hours). Results are illustrated in Figures 6.6 and 6.7.  
Figure 6.6 shows that toluene removal efficiency for all catalysts increases with time. The 
reason is that at the beginning of the tests, the catalyst is saturated with one ppm of toluene and 
30% RH. It has been demonstrated in the previous section (6.3.1) that the presence of H2O 
molecules limits the access of VOC molecules to the surface of the catalyst and decreases the VOC 
adsorption capacity of the MOFs. Therefore, when plasma is applied in the reactor at the beginning 
of the reaction, the removal efficiency is low. As the time passes, due to the oxidation reactions, 
toluene and water concentration decrease on the catalyst surface. Therefore, the remaining toluene 
molecules have more access to the active sites of the catalyst. The result is an increase in the 
removal performance over time. From Figure 6.6, it can be also seen that after four days of 
reaction, the removal efficiency reaches to 72.6%, 82.0% and 53.0% for MIL-101, MIL-53 and 
CPM-5, respectively. The very low removal performance of CPM-5 is likely due to its small pore 
sizes. The small size of H2O, favors its access to the surface of CPM-5, compared to toluene. 
Therefore, the efficiency is lower than MIL-101 and MIL-53. A comparison between the removal 
efficiency of MIL-101 and MIL-53 also shows that despite a significantly higher adsorption 
capacity of MIL-53 in the presence of humidity, this catalyst has a slightly higher removal 
efficiency than MIL-101.  
 

























Figure 6.7 compares isobutanol removal efficiency over MIL-53, MIL-101, and CPM-5 in the 
presence of 30%RH. The figure shows 97% isobutanol removal efficiency for MIL-101 at the 
beginning of NTP-catalyst process. This is the highest observed toluene removal efficiency 
between the three studied MOFs. However, this amount drops after the first five hours of the test 
by almost 10%. On the other hand the performance of MIL-53 and CPM-5 increases with time. 
The removal efficiencies after four days are 95.3%, 84.6% and 88.6% for MIL-53, MIL-101, 
CPM-5, respectively. It can be postulated that the decrease in the removal efficiency of MIL-101 
is due to some changes in the catalyst structure. Characterization of the catalyst is described 
further.  
 
Figure 6.7 Removal efficiency of one ppm isobutanol over MIL-53, MIL-101, CPM-5 as catalyst in humid air 
(RH=30%). 
 
Figures 6.6 and 6.7 also demonstrate that in the case of MIL-53, for toluene and isobutanol 
oxidation, continuing the test for 11 days does not reveal any decrease in its removal performance.  
A comparison between the removal efficiency of MIL-101, MIL-53 and CPM-5 in dry and 
humid conditions shows that the performance of all catalysts decreases in the presence of the 
humidity. Yet, some studies have reported an increase in catalyst performance in the presence of 
humidity due to the formation of hydroxyl radicals and atomic oxygen [234]. OH radicals are one 
of the long life span reactive species, more active than ozone for VOCs decomposition. This radical 























However, increasing the level of relative humidity can quench reactive species and limit their 
activity, resulting in a decrease in removal efficiency [75]. Furthermore, the catalyst is saturated 
with 30%RH and one (1) ppm of the target VOC (CVOC/CH2O~1/5000). Considering the abundance 
of water molecules together with the amphiphilic nature of MOFs, formation of water clusters on 
the surface of the catalyst is unavoidable [202]. The result is the limited access of organic 
compounds to the catalyst surface and a decrease in its removal performance. 
In a different test a fresh MIL-53 was used as the catalyst and once injection of isobutanol and 
humidity started, the plasma was applied in the reactor. The experiment continued for four days. 
Results, showed 100% removal efficiency in the course of the test, which demonstrates the effect 
of adsorption capacity in the VOC removal performance of the catalyst.  
6.3.4 Organic by-products formation and effect of humidity 
Formation of organic by-products is one of the most important concerns when a NTP- catalytic 
method is utilized for VOCs removal. The selected MOFs have demonstrated ability for removal 
of toluene and isobutanol. However, a determining factor to decide about the excellence of the 
catalyst also depends on the by-product formation. Figures 6.8 illustrates formation of organic by-
products during the plasma treatment of toluene and isobutanol over MIL-53, MIL-101, CPM-5, 
and also NTP alone. Since the detected by-products by GC/MS analysis for both humid and dry 
air were very similar, the chromatograms are reported just for experiments, which are conducted 




Figure 6.8 GC/MS chromatograms of organic by-products during plasma-catalyst treatment of toluene (up) and 
isobutanol (down) over MIL-53, MIL-101, CPM-5, and NTP alone. 
 
The results show formation of almost the same by-products for three different catalysts during 
the oxidation process. From Figure 6.8, benzaldehyde is the major organic compound formed 
during the toluene plasma-catalytic oxidation test. However, during the plasma-catalytic oxidation 
of isobutanol, different types of by-products are formed. Table 6.1 specifies the detected organic 
by-products during the plasma- catalytic oxidation of isobutanol and toluene.  
 

























Table 6.1 Detected organic compounds downstream of the plasma reactor during the oxidation of toluene and 
isobutanol in dry condition (RH=0%) and humid condition (RH=30%) 
Target VOC By-products RT*(min)a 
Isobutanol  
  
Isopropyl alcohol 6.8 
Acetone 7.1 
2-methyl, propanol  8.9 
2-methyl, 2-propenal 9.3 
Acetic acid  13.1 
1-butanol 14.1 
2-methyl, propionic acid 19.2 
3-hydroxy, butanal 21.7 
Toluene Acetic acid 13.2 
Benzaldehyde 23.6 
*Retention time 
a Background peaks appear at RT: 11.3, 15.0, 16.3, 21.1, and 22.2 min in 
almost all isobutanol and toluene chromatograms.  
 
6.3.5 Ozone as by-product and the effect of humidity 
 To investigate the performance of the selected catalysts for removal of ozone, in a series of 
tests, the targeted VOC was injected in the plasma reactor and ozone concentration was measured 
downstream of the reactor in the absence of the catalyst for both dry condition (RH=0%) and 
humid air (RH=30%). Afterwards, the catalyst was inserted into the reactor and ozone 
concentration was monitored, in the presence of 30%RH. The applied input voltage for toluene 
and isobutanol was set at 17.6±0.3 kVp-p and 16.8 ±0.1 kVp-p, respectively.  
It was observed that while the average concentrations of ozone during the decomposition of 
toluene and isobutanol in dry air were 37.8 ppm and 33.3 ppm, respectively; in the presence of 
30%RH these amounts declined to 13.8 ppm and 5.0 ppm for these compounds, respectively. A 
considerable decline in the ozone concentration is also reported in other studies, when humidity is 
introduced into the system [64], [234].  
In a DBD system, dissociation of O2 and N2 molecules in dry air results in the formation of 
reactive spices including ozone (O3) and oxygen atoms (O) according to equations  (5) to (9) [52], 
[192]:  
𝑂 + 𝑂2 +𝑀 → 𝑂3
∗ +𝑀 → 𝑂3 +𝑀   (M: N2, O2) (6.5) 
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𝑁 + 𝑂2 → 𝑁𝑂 + 𝑂     (6.6) 
𝑁 + 𝑁𝑂 → 𝑁2 + 𝑂     (6.7) 
𝑁2 + 𝑂2 → 𝑁2𝑂 + 𝑂     (6.8) 
𝑁2 + 𝑂2 → 𝑁2 + 2𝑂     (6.9) 
When humidity is introduced into the reactor, other types of reactive species are formed from 
the following decomposition reactions [75]:  
𝐻2𝑂 → 𝐻, 𝑒𝑒𝑞
− , 𝑂𝐻,𝐻2, 𝐻3𝑂
+, 𝑂𝐻−   (6.10) 
𝐻 + 𝑂2 → 𝐻𝑂2      (6.11) 
 𝑒𝑎𝑞
− + 𝑂2 → 𝑂2




→ 𝐻2𝑂2 + 𝑂2     (6.13) 
It has been reported that formation of ozone in the presence of humidity is suppressed, as the 
energetic electrons are extinguished by H2O molecules [235]. In addition, ozone molecules can act 
as a source of hydroxyl radical formation, according to equations (6.14) to (6.19) [234]: 
𝐻2𝑂 + 𝑒
− → 𝐻+, 𝑂𝐻•     (6.14) 
𝑂3 + 𝑒
− → 𝑂3
•−      (6.15) 
𝐻+ + 𝑂3
•− → 𝐻𝑂3
•      (6.16) 
𝐻𝑂3
• → 𝑂𝐻• + 𝑂2     (6.17) 
𝑂3 + 𝑒
− → 𝑂2 + 𝑂
•      (6.18) 
𝐻2𝑂 + 𝑂
• → 2𝑂𝐻•     (6.19) 
Figures 6.9 and 6.10 compare the amount of ozone when MIL-101, MIL-53 and CPM-5 are 




Figure 6.9 Ozone concentration downstream of the reactor during the plasma-catalyst treatment of toluene over 
MIL-53, MIL-101, CPM-5, and NTP; input voltage: 17.6±0.3 kVp-p 
 
 
Figure 6.10  Ozone concentration downstream of the reactor during plasma-catalyst treatment of isobutanol 
over MIL-53, MIL-101, CPM-5, and NTP; input voltage: 16.8 ±0.1 kVp-p 
 
The first observation from Figures 6.9 and 6.10 is that the amount of downstream ozone in the 
case of toluene oxidation is almost threefold of isobutanol oxidation. Since the applied voltage in 
the reactor for toluene oxidation experiments is on average 0.9 kVp-p higher than isobutanol 
oxidation tests, this increase in the ozone generation is rational. As mentioned earlier, the minimum 
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voltages for each compound were selected in order to minimize the ozone concentration, while a 
stable discharge takes place in the reactor. In the case of isobutanol, plasma generation requires a 
lower applied discharge to reach this stable point.  
According to Figures 6.9 and 6.10, in the first three hours, the ozone removal performance of 
MIL-53 and MIL-101 are almost the same and slightly higher than that of CPM-5. After three 
hours, however, the concentration of ozone reaches a stable amount for all catalysts.   
It is noteworthy that in all the above-mentioned experiments; the catalyst was saturated with 
one ppm of the target compound and 30%RH prior to applying discharge and monitoring the 
amount of ozone. Figure 6.11 compares the performance of the saturated MIL-53 with the fresh 
MIL-53 for ozone removal. In the latter test, injection of isobutanol and 30% RH, and also applying 
discharge into the reactor started simultaneously. It can be seen that after 700 minutes, the ozone 
removal performance for the fresh catalyst is 72.7%, which is roughly twofold more than the 
saturated catalyst with a removal performance of 35.3%.   
 
Figure 6.11 A comparison between the ozone removal performance of fresh and saturated MIL-53 during a 

















MIL-53, Saturated, IB, 30%RH
MIL-53, Fresh, IB, 30%RH
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6.3.6 Catalyst characterization 
FTIR spectroscopy was performed to identify the possibility of any change in the molecular 
structure and functional groups of MIL-101, MIL-53 and CPM-5 during the NTP-catalytic 
reaction. Figures 6.12 to 6.14 illustrate the FTIR results of the utilized MOFs. For each catalyst, 
the analysis is carried out for three different states: before catalytic reaction (fresh), after four days 
(96 hours) of NTP-catalyst treatment of isobutanol in the presence of 30%RH (saturated), and 
finally after regeneration of the catalyst by passing dry air throughout the reactor for 48 hours 
(regenerated). From the results, the FTIR spectra of all fresh samples are in good agreement with 
other studies [129], [236]–[238]. 
The results of MIL-53 spectroscopy, illustrated in Figure 6.12, show two prominent bands at 
1534 cm−1 and 1385 cm−1, corresponding to the asymmetric νas(COO−) and symmetric νs(COO−) 
vibrations of carboxylic groups. These bands indicate the presence of dicarboxylic acid as a linker 
in the structure of MIL-53 [233], [239]. The intense peaks at 1017 and 751 cm−1 are associated 
with C-H bonding vibration of the benzene rings [233]. The appeared peak at 545 cm-1 is attributed 
to Fe-O vibration in the structure of MIL-53 [240]. A comparison of the FTIR spectra of fresh 
catalyst with the saturated and regenerated ones reveals no change in the functional groups of MIL-
53. 
 
Figure 6.12 FTIR spectra of MIL-53 before catalytic reaction (Fresh), after 96 hours NTP-catalyst treatment of 





Figure 6.13 FTIR spectra of MIL-101 before catalytic reaction (Fresh), after 96 hours NTP-catalyst treatment of 
isobutanol in the presence of 30%RH (Saturated), and after regeneration for 48 hours (Regenerated) 
 
Figure 6.14 FTIR spectra of CPM-5 before catalytic reaction (Fresh), after 96 hours NTP-catalyst treatment of 
isobutanol in the presence of 30%RH (Saturated), and after regeneration for 48 hours (Regenerated) 
 
For MIL-101, as it can be seen from Figure 6.13, the related bands, which correspond to the 
asymmetric νas(COO−) and symmetric νs(COO−) groups of terephthalate linkers, appear at 
1537 cm−1 and 1389 cm−1, respectively [241]. Also, the visible bands at 1017 and 743 cm−1 are 
associated with vibration of C-H in aromatic rings [242]. The presence of weak bands at 538 cm−1 
corresponds to the formation of metal-oxo bond between the carboxylate group in terephthalic 
linker and Cr(III) [237]. A comparison of the FTIR spectra of MIL-101 in three states shows the 
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appearance of a peak at 1640 cm−1, which is due to the stretching of C=O vibrations. This peak 
disappears after regeneration of the catalyst. 
In the case of CPM-5, as illustrated in Figure 6.14, the stretched bands in the spectral region 
of 1800–1300 cm−1 represent the presence of different carboxylate groups vibrations in benzene 
rings [129]. This is almost the same characteristic vibration band that was observed in the spectra 
of MIL-53 and MIL-101. The same vibration band as MIL-101 and MIL-53 is also detected at 533 
cm-1, which can be related to the bond between the (COO-) group and In (III) in the framework of 
CPM-5. Results do not show any change in the functional groups of CPM-5 during the oxidation 
reaction of isobutanol.  
In all three MOFs, the wide peak which is centered at 3440 cm−1 is assigned to vibration of O-
H, which is due to the presence of adsorbed water on the surface of the catalysts [146], [237], 
[240]. Increasing the O-H vibrations in the saturated state of all catalysts can imply protonation of 
COO- groups [146], [242], which is removed upon regeneration of the catalysts. 
 
6.4 Conclusion 
The importance of optimizing NTP-catalytic systems for air purification application has led 
researchers to employ dual functional adsorbent/catalysts in these systems. In the current study, 
the adsorption and oxidation abilities of MIL-101, MIL-53, and CPM-5 were studied for the 
removal of one (1) ppm isobutanol and toluene in a DBD plasma-catalytic reactor. The effect of 
the presence of humidity on the performance of these MOFs was investigated. Results 
demonstrated a high adsorption capacity of both VOCs over the examined MOFs in dry condition 
in decreasing order of: MIL-101≥ MIL-53>> CPM-5. However, the presence of 30% RH, changed 
this order to MIL-53>> MIL-101> CPM-5. 
During a six-hour NTP-catalytic oxidation experiment using catalysts saturated with one ppm 
targeted VOCs, 100% isobutanol removal efficiency was observed for all catalysts. For toluene, 
the obtained removal efficiencies were 93%, 93% and 89%, for MIL-101, MIL-53 and CPM-5, 
respectively. Performing NTP catalytic tests using catalysts saturated with one (1) ppm targeted 
VOC and 30% RH for a period of 96 hours showed the negative effect of humidity on the removal 
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performance of all catalysts. However, when a fresh MIL-53 was utilized, 100% of removal 
performance was obtained even in the presence of humidity, indicating the effect of adsorption 
capacity on the performance of the catalyst.   
During a NTP-catalytic reaction, different organic by-products were detected either in dry or 
humid conditions for both toluene and isobutanol. Also, the downstream concentration of ozone 
reaches equilibrium over saturated MIL-53 at least two times faster than over fresh MIL-53, even 
in the presence of humidity. Finally, the FTIR spectroscopy signifies no change in the functional 
groups of MIL-53 and CPM-5. For MIL-101 a slight change in the band related to the stretching 
of C=O vibrations was observed. However, the disappearance of the peak upon regeneration of the 
catalyst indicates a facile regeneration of the catalyst, by passing dry air through it.  
In conclusion, the present study demonstrated the potential of utilizing the three selected MOFs 
as dual functional adsorbent/catalysts (DFA/Cs) in a NTP system. Specifically, MIL-101 and MIL-
53 exhibited higher adsorption and oxidation capacities compared to CPM-5 in most of the 
experiments. Further studies are required on each catalyst to quantify the amount of organic by-








7. Conclusions and Recommendations 
 
 
7. 1 Conclusion 
The ultimate objective of this research was to develop metal organic frameworks (MOFs) as 
dual functional adsorbent/catalysts (DFA/Cs), with high adsorbent capacities and catalytic 
properties, for a plasma-driven catalyst reactor. This objective was accomplished in four different 
steps as follows:  
1. A dielectric barrier discharge (DBD) micro reactor was designed and implemented as a 
non-thermal plasma (NTP) set-up.  
2. Three different MOFs, MIL-101 (MIL: Metal institute Lavoisier), MIL-53, and CPM-5 
(CPM: Crystalline Porous Material-5), were selected and synthesized. Preparation of 
these MOFs was performed using mechanochemical, solvothermal, and microwave 
methods.   
3. Adsorption isotherms and breakthrough behaviors of the synthesized MOFs were 
studied for one (1) ppm of two different VOCs including an aromatic compound 
(toluene) and an alcohol (isobutanol).  
4. The removal efficiency of the prepared MOFs was studied for the degradation of toluene 
and isobutanol during a plasma-catalytic reaction.  
During the adsorption and catalytic-oxidation tests, the effect of the presence of humidity on 
the adsorption capacity and oxidation ability of each MOF was investigated. Different 
characterization and analytical instruments such as X-ray Diffraction (XRD), Scanning Electron 
microscopy (SEM), thermogravimetric analysis (TGA), BET surface area analyzer, Fourier 
Transform Infrared Spectroscopy (FTIR), Gas Chromatograph/Mass Spectrometer (GC/MS), 
Ozone Monitor, and VOC Photoionization Detector (PID) were utilized during the experiments.  
The conclusive outcomes of the research are: 
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1) Set-up design and implementation:  
The study on the impact of different parameters on the required specific input energy (SIE) and 
the rate of ozone generation showed that: 
 The energy yield for different forms and types of ground electrodes changed in the 
decreasing order of: Agpaste > Alfoil> SS-Fmesh>SS-Tmesh.  Nevertheless configuration of the 
ground electrode was a dominant parameter on the amount of generated ozone, rather than 
its type. 
 The result of enlarging the active zone of the plasma reactor by means of a longer inner 
electrode was an earlier plasma ignition along with larger amounts of ozone in the same 
SIE. This result was valid regardless of the type and configuration of the applied ground 
electrode.  
 By increasing the gap between the electrodes larger SIE amounts was required to reach the 
same level of ozone concentration. 
2) MOFs synthesis and characterization: 
Three different MOFs including CPM-5, MIL-101, and MIL-53 were synthesized:  
 CPM-5 was synthesized by means of mechanochemical and microwave methods. MIL-53 
was prepared using a microwave method, and a solvothermal method was performed for 
preparation of MIL-101.  
 A mechanochemical (MC) method for CPM-5 synthesis showed a successful formation of 
the CPM-5 structure under the following reaction conditions: oscillation frequency of 90Hz 
in 30 min followed by three hours of heat treatment at 150°C, and washing with a 1:1 
(DMF: DW) as the solvent. The TGA analysis showed that the thermal stability of the 
synthesized sample was similar to the CPM-5 synthesized by the microwave method. 
However, the SEM micrographs showed the formation of a different morphology of 
crystallites. Also, the surface area of the MC-synthesized CPM-5 was lower than the CPM-
5 synthesized by the microwave method.  
 For the synthesized CPM-5 and MIL-53 samples by microwave method and also the 
prepared MIL-101 using solvothermal method, the obtained XRD, BET, SEM, and TGA 




3) Adsorption Evaluation:  
The synthesized and characterized MIL-101, MIL-53, and CPM-5 samples were used for 
adsorption of one (1) ppm of isobutanol and toluene at dry (RH=0%) and humid (RH=30%) 
conditions.  
 The adsorption isotherm behaviors of toluene and isobutanol indicated the physisorption 
of these VOCs on all the examined MOFs. This result was also confirmed by TGA 
characterization of samples before and after toluene adsorption.  
 MIL-101 exhibited a superior capacity for adsorption of toluene and isobutanol compared 
to MIL-53 and CPM-5 in dry air. 
 In the presence of 30% relative humidity (RH), the adsorption capacities of MIL-101 and 
CPM-5 steeply declined. MIL-53 showed the highest adsorption capacity in this condition 
(RH=30%).   
4) Oxidation Evaluation:  
The synthesized and characterized MIL-101, MIL-53, and CPM-5 samples were used as dual 
functional adsorbent/catalysts in NTP-catalytic reactor. To eliminate the interference of the 
oxidation performance and the adsorption capacity of MOFs, the catalyst was saturated with the 
target VOC prior to any plasma-catalytic test. The adsorption and oxidation evaluations of these 
MOFs for the removal of one (1) ppm toluene and isobutanol were performed at both dry air and 
humid air (RH=30%) conditions.  
 During a six-hour experiment using catalysts saturated with one ppm targeted VOCs, 
100% isobutanol removal efficiency was observed for all catalysts. For toluene, the 
obtained removal efficiencies were 93%, 93% and 89%, for MIL-101, MIL-53 and 
CPM-5, respectively. 
 Performing the tests using catalysts saturated with one (1) ppm VOC and 30% RH for 
a period of 96 hours showed the negative impact of humidity on the removal 
performance of all catalysts. Isobutanol removal efficiencies were 95.3%, 84.6% and 
88.6% for MIL-53, MIL-101, CPM-5, respectively. For toluene 72.6%, 82.0% and 
53.0% efficiencies were observed on MIL-101, MIL-53 and CPM-5, respectively. 
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 A fresh sample of MIL-53 as catalyst showed 100% of removal performance even in 
the presence of humidity. This indicated the effect of adsorption capacity on the 
performance of the catalyst.   
 The FTIR spectroscopy signified no change in the functional groups of MIL-53 and 
CPM-5. For MIL-101, a slight change in the band related to the stretching of C=O 
vibrations was observed. However, the disappearance of the peak upon regeneration of 
the catalyst indicated a facile regeneration of the catalyst, by passing dry air through it.  
 Different organic by-products and also ozone were detected downstream of the reactor 
either in dry or humid conditions for toluene and isobutanol.  
 The downstream concentration of ozone reached equilibrium over saturated MIL-53 at 
least two times faster than over fresh MIL-53.  
 After 700 minutes, when MIL-53 was applied for the plasma-catalytic oxidation of 
isobutanol in the presence of 30% humidity, the ozone removal performance for the 
fresh catalyst was approximately twofold more than the saturated catalyst (72.7% for 
fresh catalysts vs. 35.3% for saturated catalyst). 
To conclude, this research demonstrated the potential capacity of MOFs as dual functional 
adsorbent/catalysts (DFA/Cs) in a NTP system. Specifically, MIL-101 and MIL-53 exhibited 
higher adsorption and oxidation ability compared to CPM-5 in most of the experiments. Results 
showed a higher adsorption capacity and almost the same oxidation efficiency for MIL-101 
compared to MIL-53. Nevertheless, the negative influence of RH on adsorption and oxidation 
efficiency of MIL-101 was much higher than that of MIL-53. Therefore, due to the inevitable 
presence of relative humidity in indoor environment, MIL-53 is the best candidate for this purpose. 
Utilizing MIL-101 is applicable only if a dehumidifier can be implemented in the system before 
this MOF. 
 
7.2 Recommendation for Future Work 
The importance of optimizing the performance of NTP-catalytic systems for air purifying 
applications has led researchers to employ DFA/Cs in these systems. Based on the course of the 
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presented research and its findings, the following aspects are recommended to be addressed before 
this technology can be applied to an indoor environment:  
1. This study was conducted on a small scale plasma set-up for degradation of one (1) 
ppm of target VOC. Evaluating the performance of a full scale plasma set-up for the 
removal of VOCs in the range of concentration which exists in indoor environment 
(sub ppm) is a subject that needs further research.  
2. Qualitative analysis of generated organic by-products and quantitative analysis of 
formed ozone were performed in this study. While formation of by-products is a crucial 
factor in employing any air cleaning system, more study is required on the amount of 
formed inorganic by-products (i.e. O3, NOx, CO), as well as other probable organic by-
products.  
3. The presence of a variety of VOCs in indoor environment brings a complexity in their 
oxidation mechanism, which may lead to formation of more unwanted by-products. 
Studying the VOCs’ removal performance in the presence of a mixture of organic 
pollutants and the possible interference in their oxidation reaction pathways should be 
taken into account intensively.  
4. In this research, experiments were performed at dry air (RH=0%) and in the presence 
of 30% RH. The impact of higher RH should be considered, especially for removal of 
VOCs in ppb levels, due to the coverage of the catalyst surface with water molecules, 
and limited access of the target pollutants to the catalyst. 
5. The critical role of the catalyst to achieve a high removal performance in a plasma 
catalyst system opens a new field of study to develop novel DFA/Cs. This study 
demonstrated the excellent storage and oxidation capacity of MOFs as DFA/Cs. 
However, the negative effect of humidity on these materials should be improved using 
post-synthetic modification of MOFs. 
6. Finally, in the context of energy optimization, a reactive adsorption plasma system is 
more capable of energy optimization than other plasma-based methods. Yet, a 
comprehensive study is needed to evaluate the energy cost when a MOF is utilized as 
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Appendix A  
A. Repeatability of the system 
To investigate the repeatability of the test, the inner electrode was set in two different length, 
L and L/2, respectively. The applied voltage into the system was increased and the changes in the 
rate of ozone generation were monitored. The collected data were used to quantify the statistical 
significance of repeatability of the test. Figure A-1 shows the results of the repeatability of these 
tests. A comparison between the amounts of the generated ozone in two series of tests shows the 
p-value of 2.65E-03 and 2.57E-05 for the two lengths of L and L/2, respectively. Since the P-
values <0.05 indicate the data are statically significant; it can be definitely said that the tests are 
repeatable. 
 
Figure A.1 The results of the repeatability of tests; Reactor#1; SS-T mesh as ground electrode; IE: L & L/2 
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Appendix B.  
B. Detailed values of standard deviation 
In Table B-1 the amounts of standard deviations (SD) quantify the dispersion of ozone 
concentration in a given specific input energy (SIE) for each experiment. The standard 
deviation is calculated using: 𝑆𝐷 = √
∑(𝑥−?̅?)2
𝑛−1
, where x represents each ozone value in the 
population, x is the mean value of the ozone concentration, and n is the number of values 
in the sampling. The amount of standard deviation is calculated according to at least 20 






Table B.1 Standard deviation of ozone for different SIE (JL-1); IE size: L, L/2, and L/4; GE: SS-T, SS-F, Al, and Ag; Reactor#1 































199.1 30.3 0.70 202.2 18.5 1.75 225.2 28.6 0.86 167.9 35.4 0.70 200.9 45.4 2.54 218.2 41.1 1.30 
208.7 34.3 1.44 212.8 25.3 1.72 234.7 34.2 0.88 185.6 50.8 1.07 221.0 55.3 0.99 226.2 47.0 1.27 
217.6 44.0 0.94 228.2 34.7 2.66 245.2 39.9 1.07 209.5 80.2 1.13 233.3 71.5 1.45 243.4 60.3 1.57 
227.9 56.0 1.85 237.9 46.6 1.80 260.0 50.7 0.98 233.0 104.9 1.19 261.5 101.4 1.61 272.4 75.1 2.51 
235.2 68.6 1.91 255.4 62.0 2.04 273.3 58.5 0.72 259.5 142.1 2.73 287.3 126.1 1.02 291.6 85.8 1.65 
255.7 95.8 1.58 265.9 71.8 1.73 283.5 65.7 2.04 291.5 189.3 2.14 314.2 146.4 0.86 323.1 98.3 3.06 
288.9 142.8 2.29 299.8 102.0 4.34 300.5 74.4 2.04 316.9 226.0 2.74 342.3 171.4 1.25 345.5 106.3 3.52 
301.1 158.5 3.30 325.2 127.0 4.77 312.6 81.6 2.23       367.4 118.2 5.60 
338.4 212.2 8.58 352.4 145.4 2.28 324.2 88.4 3.80       399.9 127.2 4.18 
362.8 237.6 6.59 375.4 160.0 5.08 348.4 96.7 3.04          































153.6 19.8 2.11 194.6 32.8 1.57 198.2 28.1 1.20 149.1 29.9 1.11 200.4 56.4 2.42 214.5 50.5 0.86 
162.3 23.7 1.26 221.6 79.2 1.71 214.5 44.8 1.06 168.8 52.4 1.08 223.7 85.7 1.62 236.1 67.4 0.84 
181.5 61.0 2.45 248.9 112.6 1.00 238.6 63.5 0.73 190.0 80.7 1.20 249.2 125.1 1.11 262.4 88.4 0.51 
207.8 92.5 2.61 274.7 139.7 1.22 259.2 78.1 0.63 213.5 118.2 1.07 279.6 157.5 1.10 287.0 102.6 0.72 
236.3 137.7 2.45 298.7 162.9 1.75 278.9 90.4 0.75 238.6 152.1 1.07 300.4 178.5 1.01 308.4 122.0 0.74 
271.6 195.4 3.89 329.3 187.9 2.17 305.6 105.9 0.73 270.7 204.4 1.05 326.9 199.1 0.82 327.3 130.2 0.92 
306.7 244.4 3.61 353.7 207.4 0.94 329.9 117.8 0.73     357.3 235.2 1.40 358.8 143.6 0.68 
   382.3 217.9 1.77 355.4 131.9 0.53       385.8 157.5 0.73 
      379.6 144.0 0.74          
 
 
